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Foreword 


HE Transactions of The American Society of Mechanical Engineers include 

selected technical papers and reports delivered at meetings of the Society, its 
Professional Divisions, and its Local Sections, the Journal of Applied Mechanics (con- 
tributions of the Applied Mechanics Division), and certain Records of the Society of 
permanent value. 

In order to secure the advantages of timeliness and greater usefulness in issuing 
these Society Records, the material comprising them is divided into a number of parts, 
each one of which is mailed as a supplement to one of the regular monthly sections of 
the Transactions. For 1935, the first of these, the present issue, contains the personnel 
of the Council and committees for the year. The second, to be issued sometime later 
in the year, will contain the memorial notices of deceased members. Following the 
plan adopted in 1934, it is expected that the reports of Council and the Society’s com- 
mittees will appear as a supplement to the November issue. The presidential address 
and the indexes to miscellaneous publications, Jlechanical Engineering, and to the 
Transactions themselves, must, necessarily, be delayed until 1936, and will probably 
be mailed as a supplement to the January issue of that year. 

In binding the 1935 Transactions, all of these parts of the Society Records will be 
assembled at the back of the volume as has been customary for several years. To aid 
in locating references in the bound volumes, the page numbers of the sections contain- 
ing the Society Records are preceded by the letter RI. 


THE COMMITTEE ON PUBLICATIONS 


Harris and Ewing 


RALPH E. FLANDERS 


PRESIDENT OF Tue AMERICAN Society OF MECHANICAL ENGINEERS 
1934-1935 


Ralph E. Flanders 


ALPH E. FLANDERS, president of The American Society of Mechanical Engi- 

XX neers for the term 1934-1935, is president of the Jones & Lamson Machine Com- 
pany and of the Bryant Chucking Grinder Company, both of Springfield, Vt. He 
was born at Barnet, Vt., on September 28, 1880, and was educated at the Central Falls 
(R. I.) High School. His early experience in machine design and construction was 
received at Brown & Sharpe Manufacturing Company, Taft-Pierce Manufacturing 
Company, International Paper Box Machine Company, and General Electric Com- 
pany. After four years as associate editor of Jlachinery and two years as sales engi- 
neer with the Fellows Gear Shaper Company, he joined the Jones & Lamson Machine 
Company in 1912 as manager of the Fay Lathe Department. In 1914 he was made 
general manager and in 1933 president of the company. 

Mr. Flanders is regarded as a national authority on machine design and construc- 
tion, especially on the engineering problems of screw threads and thread grinding. 
His 1924 A.S.M.E. paper on “The Design, Manufacture, and Production Control of a 
Standard Machine” brought a successful solution to the problem of building ma- 
chinery economically at widely varying rates of demand. 

Mr. Flanders has devoted a large amount of time and effort to the welfare of his 
profession, serving on many committees of The American Society of Mechanical 
Engineers. Since 1921 he has been a member and since 1930 chairman of the Sec- 
tional Committee on Standardization and Unification of Screw Threads. He repre- 
sented the A.S.M.E. on the National Screw Thread Commission from 1919 to 1924 
He has been a member since 1926 and chairman since 1930 of the Special Research 
Committee on Strength of Gear Teeth. He served on the Publications Committee 
from 1918 to 1924 and acted as chairman in 1925 through 1928. He was a manager of 
the Society from 1926 to 1929 and vice-president in 1930 and 1931. 

He wasa delegate of the A.S.M.E. to the American Engineering Council in 1924-1925. 
Since 1932 he has been active in the Public Works program of the Council, and was a 
member of its Committee on Government Reorganization. As chairman of its Com- 
mittee on the Relation of Consumption, Production, and Distribution he has been in 
a position of strong leadership. 

Serving as president of the National Machine Tool Builders Association in 1924, 
Mr. Flanders presented a presidential address that dealt with current economic prob- 
lems. In this address he pointed out the importance of the transition from the econ- 
omy of need to the economy of plenty, a contribution of great importance to economic 
thinking of the times. His address before The American Society of Mechanical 
Engineers in December, 1930, on “Engineering, Economics, and Social Well-Being” 
marks his entry into a course of economic study, discussion, and writing that has 
brought him to the forefront of leadership in his field and led to his selection as a 
member of the American Engineering Council’s Committee on the Relation of Con- 
sumption, Production, and Distribution, already mentioned. He is also a director 
of the Social Science Research Council. 

Upon the passage of the National Industrial Recovery Act in 1933 and the organiza- 
tion of the National Recovery Administration, Mr. Flanders was'called into service as 
a member of the Industrial Advisory Board. He is also a member of the Business 
Advisory and Planning Council appointed by Secretary of Commerce, Daniel C. 


Roper. At the conference of the industrial leaders engaged in the administration of 
various codes for industries held in Washington the first week in March, 1934, his 
grasp of the basic industrial and economic problems at the present time enabled him 
to step into a position of leadership in the discussion, which had a profound effect on 
the deliberations of that important occasion. 

Mr. Flanders has written on a wide range of subjects. In his early career his papers 
and books on gears and gear machinery were highly regarded. Later his discussions 
of industrial and economic problems have appeared in a wide range of magazines and 
and his book, ‘Taming Our Machines,” published in 1931, was very well received. 

Mr. Flanders was granted the degree of Mechanical Engineer by Stevens Institute 
of Technology in June, 1932, and the degree of Master of Arts by Dartmouth College 
the same year. In June, 1934, he was honored with the degree of Doctor of Science, 
by Middlebury College, and Doctor of Engineering by Brooklyn Polytechnic Insti- 
tute. He is lecturer at the Tuck School of Business Administration at Dartmouth 
College and has spoken before many groups of economists, engineers, and industrial- 
ists on subjects dealing with economics, engineering, and related problems. 


The American Society of Mechanical Engineers 


(THE members of the Council and of its standing and special 
committees given on the following pages are those in office 

Bon February 1, 1935, serving for the official year 1934-1935. 
The terms of office of members of other committees are not 


fixed by the official calendar. 


t Officers and Council 
PRESIDENT 


Ratrx EB. FLANDERS 


PAST-PRESIDENTS 


Terms expire December 


_ Cuarugs M. Scuwas (1935) 
Roy V. Wriaut (1936) 


Conrap N. LAurr (1937) 
A. A. Porrmr (1938) 


) Paut Doty (1939) 


VICE-PRESIDENTS 


ny 
- Terms expire December, 1936 
WiuiaM L. Barr 
Harowp L. Doonirrun 
')Eny C, Hurcainson 
\Exxiorr H. Warrock 


Terms expire December, 1935 
Rosnrt L. SAcKETT 

Auex D. Barupy 

Joun A. HunTER 


_ Bennuetr M,. BriaMan 


TREASURER 
Erik OBERG 


Raurew E. Fuanpers, Chairman 
| Wituia L. Barr 
_ James A. Hau 


Advisory Members: 


Finance, WALTHER RAUTEN- 
STRAUCH 

Meetings and Program, R. I. 
Rers 

Publications, S. W. Dupiry 

Membership, H. A. LarpNER 

‘Professional Divisions, W. A. 
SHoupY 

‘Local Sections, W. L. Dupiny 

Constitution and By-Laws, H. H. 
SNELLING 

| Awards, W. L. Barr 


Ernest Hartrrorp 


Jinms W. Hanny 


Terms expire December, 1936 
Evucrens W. O’ Brinn 
James H. Herron 

Harry R. Westcorr 


MANAGERS 


Terms expire December, 1936 
James A. Hath 

Ernest L. OHLE 

James M. Topp 


Terms expire December, 1937 


ALFRED IpDpLES 


SECRETARY 
C. E. Davins 


Executive Committee of Council 


ALFRED IDDLES 
Harry R. Wxestcorr 


Chairmen of the Finance Committee, the 
Local Sections Committee, and the Professional Divisions Committee 


Chairmen of Standing Committees 


Representatives on Council but without vote 


Relations With Colleges, W. L. 
ABBOTT 
Education and Training for In- 
dustries, G. A. SryLyr 
Library, E. P. WorpEn 
Research, G. M. Eaton 
Standardization, C. W. Sprcpr 
Power Test Codes, F. R. Low 
Safety, W. M. Grarr 
Professional Conduct, 
SprncER 


CaG. 


ASSISTANT SECRETARIES 


C. B. LnPacn 


EDITOR 
G. A. Srmrson 
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Standing Committees 
FINANCE 


Wa.trr Raurenstraucn, Chairman and Representative on Council 
(1936) 

W. T. Conton (1935) 

W. D. Ennis (1937) 


Council Representatives { 


T. R. WeymourtsH (1938) 
Kk. M. Irwin (1939) 

E. C. Hurcurnson (1935) 

J. H. Herron (1936) 


MEETINGS AND PROGRAM 


R. I. Rens, Chairman and Representative on Council (1935) 
E. C. Hurcutnson (1936) CLARKE FREEMAN (1938) 
H. N. Davis (1937) R. F. Gaae (1939) 
Junior Adviser: To be appointed 


PUBLICATIONS 


S. W. Duptny, Chairman and Representative on Council (1936) 
W. F. Ryan, Vice-Chairman (1937) M. H. Roprrts (1938) 
S. F. Vooruens (1935) G. F. Bateman (1939) 

O. B. Scutmr, 2np, Junior Adviser (1935) 


Advisory Members: A. J. Dickxin, BE. B. Norris, E. L. OnLy 
(Personnel of Special Committee, p. 8) 


MEMBERSHIP 


H. A. Larpnur, Chairman and Representative on Council (1935) 
R. H. McLain (1936) L. R. Forp (1938) 
C. L. Davipson (1937) F. C. Sppncer (1939) 


Advisory Member: O. E. Goupscumipt (1935) 


PROFESSIONAL DIVISIONS 


W. A. Suoupy, Chairman and Representative on Council (1935) 
K. H. Convir (1936) Crossy Freip (1938) 
G. B. Praram (1937) L. K. Stuucox (1939) 


(Personnel of Professional Divisions’ Executive Committees, p. 9) 


LOCAL SECTIONS 


W. L. Dupuny, Chairman and Representative on Council (1935) 
To be appointed (1936) W. R. Woourtce (1938) 
R. E. W. Harrison (1937) D. B. Prenticn (1939) 


Junior Advisers 
S. E. Ornn 
J. M. Tucknr 


(Personnel of Local Sections’ Executive Committees, p. 12) 


JENSEN CLAUSEN 
F. X. KrogMann 


CONSTITUTION AND BY-LAWS 


H. H. Snetuine, Chairman and Representative on Council (1935) 
Riowarp Kutzies, Jr. (1936) W. H. Kavanauesu (1938) 
H. B. Lewis (1937) R. D. Brizzonara (1939) 


Junior Adviser: G. N. Conn (1935) 


AWARDS 


The members of this Committee serve as members also of the Special 
Council Committee on Honors 
W. L. Barr, Chairman and Representative on Council (1935) 
Herman Drepericus (1936) L. P. Atrorp (1938) 
R. C. H. Heck (1937) Hartp Cooxn (1939) 
Junior Adviser: C. B. ARNoupD (1935) 


RELATIONS WITH COLLEGES 


W. L. Assorr, Chairman and Representative on Council (1935) 
E. W. BurBank (1936) W. A. Hantpy (1938) 
R. V. Wrieut (1937) F. V. Larkin (1939) 
Junior Advisers en . F. Warner, Jr. (1935) 
; G. D. Wixx1nson, Jr. (1935) 


(Student Branches and Officers, p. 18) 
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EDUCATION AND TRAINING FOR THE INDUSTRIES 


G. A. Snyter, Chairman and Representative on Council (1935) 
C. J. Freund (1936) J. A. RANDALL (1938) 
JoHN YOUNGER (1937) P. E. Buss (1939) 


LIBRARY 


E. P. Worven, Chairman and Representative on Council (1935) 
G. F. Fevxker (1936) J. S. Kertns (1938) 
L. K. Smuucox (1937) The Secretary, C. E. Davins. Hx-Offcio 


RESEARCH 


Organized in 1909 to supervise all research activities of the Society, to 
cooperate with similar committees of kindred societies, to encourage 
research, and to disseminate knowledge of researches conducted 
in the United States and in other countries 
G. M. Eaton, Chairman and Representative on Council (1935) 

D. B. Buutuarp (1936) H. A. Jounson (1938) 

C. R. Rrcwarps (1937) N. E. Funk (1939) 


(Personnel of Special Committees, p. 20) 


STANDARDIZATION 


Organized in April, 1911, to supervise all standardization activities of 
the Society and to advise concerning the Society’s participation in 
the activities of the American Standards Association 
C. W. Spicer, Chairman and Representative on Council (1935) 
ALFRED IppLEs (1936) WALTER SAMANS (1938) 
L. A. Corneuius (1937) O. A. LeutTwILeR (1939) 


(Personnel of Special Committees, p. 22) 


POWER TEST CODES 


Organized December, 1918, to revise and extend the Power Test Codes 
of the Society. These codes had been formulated by various technical 
committees appointed to develop particular codes. This work 
began in 1886 


F. R. Low, Chairman and Representative on Council (1935) 
R. H. FERNALD, Acting Chairman 
Term expires 1935 Term expires 1936 


A. T. Brown A. G. CHRISTIE 

R. H. FERNALD Pau DIsERENS 
C. F. HirsHFrELD E. C. HutrcHinson 
F. R. Low G. A. OrrRoK 

R. J. S. Pieorr W. M. Wuitr 


Term expires 1938 
Hans DaHLSTRAND 


Term expires 1937 
Harts Cooke 


E. R. Fis Louis Eviiotrr 
O. P. Hoop G. A. Horne 

H. B. Oatipy H. B. Reynoips 
W. J. WoHLENBERG E. N. Trump 


Term expires 1939 


C. H. Berry iby, 
Francis HopGKINSON iD 
E. B. Ricketts 


(Personnel of Technical Committees, p. 26) 


SAFETY 


Appointed in October, 1921, to extend the knowledge of accident 
prevention, to promote cooperation in this field, and to supervise 
all safety code activities of the Society with the exception of 
those of the Boiler Code group of committees 


W. M. Grarr, Chairman and Representative on Council (1936) 
M. H. CuristopHERSON (1935) H. L. Mryer (1938) 
H. H. Jupson (1937) To be appointed (1939) 


(Personnel of Special Committees, p. 27) 


PROFESSIONAL CONDUCT 


. G. Spencer, Chairman and Representative on Council (1935) 
. Fisx (1936) E. F. Scorr (1938) 
. Herron (1937) Hueo Diemer (1939) 
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Special Technical Committees 


BOILER CODE 


. R. Low, Chairman 

. 8S. Jacosus, Vice-Chairman 

. WwW. eech Honorary Secretary 
oll 


SBP ene ehORgOUn 


. GORTON 

. GREENE, JR. 
. HowEtn 
. Lercu 

. Moore 
. Mourrror 

. Myers 

. OATLEY 
MES PARTINGTON 
ALTER SAMANS 


qemonestpoa 
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Honorary Members 


F. W. 
T. E. DurBan 
C. L. Huston 


Conference Committee to the Boiler Code Committee 


T. R. Arcusr, Delaware 

L. M. BarrincGeEr, Seattle, Wash. 

H. D. Bomsecx, St. Joseph, Mo. 

B. M. Boox, Pennsylvania 

J. C. Bryan, St. Louis, Mo. 

JoHN CAMPBELL, Pennsylvania 

T. C. Cannon, Tulsa, Okla. 

A. L. Danreus, Parkersburg, 
W. Va. 

James Donouurp, Indiana 

L. F. Dues, Maryland 

M. A. Epe@ar, Wisconsin 

E. W. Farmer, Rhode Island 

M. J. Fuyzrx, Washington 

C. W. Foster, Omaha, Nebraska 

W. 4H. Furman, New York 

RALD GEARON, Chicago, IIl. 

. M. Goopman, Evanston, IIl. 

C. H. Gram, Oregon 

P. M. Grepnuaw, District of 
Columbia 


F. A. Hecxitncer, Memphis, 
Tenn. 
J. M. Luxens, Philadelphia, Pa. 
J. M. Lyncu, Erie, Pa. 
C. E. McGinnis, Los Angeles, 
Calif. 

H. H. Mitts, Detroit, Mich. 
A. C. MircuHetu, Scranton, Pa. 
C. O. Myerrs, Ohio 
J. D. Newcoms, Arkansas 
W. L. Newton, Oklahoma 
ANIBL O’Connor, Michigan 
A. Pagn, California 

C. Prat, Nashville, Tenn. 

J. Ryan, Kansas City, Mo. 
K. Sawyer, Maine 

H. ScHueMAn, Tampa, Florida 
F. Scorr, New Jersey 
C. I. Smirx, Utah 
Wo. E. Smita, Hawaii 
GerorGE Witcox, Minnesota 


D 
F. 
L. 
J. 

E. 
A. 
J. 


EX&rcUuTIVE COMMITTEE 


D.S. Jacosus, Chairman 
H. E. Aupric# 

W. H. Borum 

E. R. Fise 

V. M. Frost 


C. E. Gorton 

F. R. Low 

C. W. Onert 
JAMES PARTINGTON 


SUBCOMMITTEE ON BoILers OF LOCOMOTIVES 


James PArTINGTON, Chairman 
F. H. Cuark 


H. B. Oatizy 
A. G. Pack, Conference Member 


SUBCOMMITTEE ON CARE OF STHAM BorterRs AND OTHER PRESSURE 


VESSELS IN SERVICE 


F. M. Grsson, Chairman 
. M. Frost 


W. H. Larkin, Jr. 
S. T. Powxiui 

C. W. Rice 

H. F. Scorr 
NicHouas STAHL 


F, G. Srraus 


SuBCOMMITTER ON Heatina Borters 


F. B. Howe u, Chairman 
W. H. Borum 
C. 
aD) 


C. E. Gorton 

F. W. HerenDEEN 
W. E. Srark 

J. W. TuRNER 


SuBCOMMITTER ON MaTeErIAL SPECIFICATIONS 


Members of A.S.M.E. Boiler Code Committee 


ASSIDY, Chairman 
REENE, JR. 


a) 
a 
ag 


J. O. Lence 
C. L. Warwick 


SOCIETY RECORDS 


Members of Conference Committee of American Society for 
Testing Materials 
C. L. Warwick, Chairman 
C. F. W. Rys 


E. J. Epwarps 


} Members of Conference Committee of Association of American 
Steel Manufacturers, Technical Committees 


J. O. Lercnu, Chairman E. F. Kenney 
A. D. Pracr 


SUBCOMMITTEE ON MINIATURE BOILERS 


KC. EB. Gorton, Chairman W. H. Furman 
James Partineton, Vice-Chairman C. O. Myrrs 
_E. R. Fisx C. W. OBERT 


J. H. Puunxnrr 


SuUBCOMMITTED ON RULES FOR INSPECTION 


»J. A. Couiins, Chairman WILLIAM FERGUSON 
.$. H. Barnum C. E. Gorton 
_L. E. Conneiiy F. W. HerenprEn 


JAMES PARTINGTON 


SUBCOMMITTER ON SPECIAL DusIGn 


D. B. Wesstrom, Chairman 
W. L. Bower 

R. E. Crcin 

\PauL DispRens 


H. E. RockpreLLeR 
D. B. RossHEIM 

W. H. Rowanp 

E. O. WATERS 

F. S. G. WiniiamMs 


SuBCOMMITTER ON UNFIRED PRESSURE VESSELS 


E. R. Fisa, Chairman R. E, Cxcin 

C. A. Apams Pauu DispRENs 
W. H. Bonum A. W. Limont, JRe 
C. E. Bronson H. 8. Smita 


D. B. Wusstrom 


SUBCOMMITTEE ON WELDING 
Members of A.S.M.E. Boiler Code Committee 


JAMES PARTINGTON, Chairman E. R. Fise 

C. A. ADAMS R. K. Hopxins 

A. M. Canny T. McLBan JASPER 
_R. E. Cucin L. A. SHELDON 


J. H. Depreier 


| 
| 


Henry ToRRANCE, JR. 


Members of Conference Committee of American Welding Society 


C. W. Opert, Chairman F. C. Fyxn 

L. H. BurKwart J. W. OwEns 

J. J. CRowE A. Kipp 

E. H. Ewerrz H. E. Rockprecier 


L. H. Rouunr 


| API-ASME COMMITTEE ON UNFIRED PRESSURE VESSELS 
' A.S.M.E. Representatives 
. E. Crcin 

. R. Fisa 


D. 8S. JacoBus 
T. McLnan JASPER 
JAMES PARTINGTON 


A.P.I. Representatives 


WaALter SaMAns, Chairman K. V. Kine 
A. J. Evy (P. D. McE risu, Alternate) 
R. C. PowEiu T. D. Tirrr 


SHAFT COUPLINGS 


Appointed in December, 1928 
A.S.M.E. Members (Total personnel, 6) 


D. J. McCormMack H. G. Reist 


. R.E. B. Saarp 


DEVELOPMENT OF APPLICATIONS OF STATISTICS IN 
ENGINEERING AND MANUFACTURING 


_ Joint sponsorship with the American Society for Testing Materials. 
Appointed in December, 1929 

A.S.M.E. Members (Total personnel, 4) 

W. H. Fuuweiter TL. K. Siuucox 
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STANDARD HEIGHT FOR LOADING PLATFORMS AT 
FREIGHT TERMINALS AND WAREHOUSES 


Joint sponsorship with the Society of Terminal Engineers. 
Appointed in December, 1931 
A.S.M.E. Members (Total personnel, 13) 
{C. B. Crocxerr 


Special Council Committees 
ADVERTISING REVENUE 


8. W. Dupuiry, Chairman of Committee on Publications 
Water Ravutenstraucs#, Chairman of Finance Committee 
H. R. Wxsrcortr, Chairman of Committee on Policies and Budget 


ADVISORY BOARD ON TECHNOLOGY 


A, A. Portmr, Chairman 
D. B. BuLuarp, Research 
K. H. Conpir, Professional Divisions 
S. W. Dupupry, Publications 
R. I. Rees, Meetings and Program 


ADVISORY BOARD ON STANDARDS AND CODES 


AuEx D. Bartury, Chairman 
V. M. Frost, Boiler Code 
W. M. Grarr, Safety 
Francis Hopaxinson, Power Test Codes 
L. A. Corneuivus, Standardization 


BOARD OF REVIEW (DELINQUENT MEMBERS) 


A. D. Buaxn J. P. Nerr 
H. B. Oatiry 


BOND ISSUE (CERTIFICATES OF INDEBTEDNESS) 


Dexter 8. Krmsatu, Chairman 
Pauu Dory 

W. A. Hanupy 

C. F. HirsHreip 


J. H. LAWRENCE 

W. R. Wesster 

W. H. WintTeRROWD 
Erik Opnre, Lx-Oficio 


Trustees for Issue of Certificates of Indebtedness: 


D. S. KimBath Erik Oppre R. V. Wriaur 


CAPITAL GOODS INDUSTRIES 


L. P. Atrorp, Chairman L. W. W. Morrow 
R. E. FLaAnprrRs Erik OBERG 


CITIZENSHIP (MANUAL ON) 


J. W. Roz 
W. H. WintrerrRowD 


A. R. Cuuuimore, Chairman 
Linitian M. GiuBRetTH 
R. V. Wriaut 


COOPERATIVE RELATIONS 


H. V. Cons, Chairman R. I, Rens 


D. Ropert YARNALL 


ECONOMIC STATUS OF THE ENGINEER 


C. F. Hirsure.p, Chairman H. L. WuHirremorp 
D.S. KimBaLu W. E. WickmnNDEN 
C. N. Lauzr W. L. Assorr é 
H. B. Oatiny W. L. Dupuy ; Ex-Officio 


EMPLOYMENT (MEMBER RELATIONS) 


Crossy Freup J. N. LANnpIs 


W. A. SHoupy 


ENGINEERING HISTORY 
(To be appointed) 


FREEMAN SCHOLARSHIP 


Cuarugs T, Matn, Chairman 
E. C. Hurcatnson 


CLARKE FREEMAN 


+ Official A.S.M.E. representatives serving on this committee. 
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HONORS 


The members of the Standing Committee on Awards (see page 5) also 
serve as a Special Committee on Honors 


JUNIOR PARTICIPATION 


D. B. PRENTICE 
W. H. WINTERROWD 


W. A. HAnLey 
A.A 
(Junior Member to be appointed) 


. PoTTER 


MANUAL OF PRACTICE 


Ww. A. SHoupy, Chairman J. M. Topp 


ALFRED IDDLES B. F. Woop 
Wynn MerepDitTH C. G. Spencer, Ex-Officio 


THEODORE BAUMEISTER, JR., Acting Secretary 


Junior Adviser, PHttte WERNER 


POLICIES AND BUDGET 


H. R. Wesrcort, Chairman J. N. Lanpis 
L. P. ALFORD J. H. LAwRENCE 
B. M. BrigMan R. G. Macy 
H. M. Burke A. L. MarLuaRD 
W. H. CarrizR M. C. MaxwELL 
ALFRED IDDLES ERIk OBERG 
A. C. JEwWETT L. K. Sruicox 

W. H. WinTERROWD 

PUBLIC AFFAIRS 
R. V. Wricut, Chairman R. E. FLANDERS 
L. P. ALFoRD A. A. PoTTER 
Pau. Doty J. W. Row 

D. RospertT YARNALL 

REGISTRATION OF ENGINEERS 
J. H. LAwRENCE, Chairman D. S. KimBatu 
Pau Doty VY. M. PaLMER 
C. F. HrrsHFreLp J. M. Topp 
CALVIN W. RICE MEMORIAL 

H. N. Davis, Chairman C. N. Laver 
J. D. CUNNINGHAM E. W. O’Brien 
W. F. DuRAND J. W. ParKER 
C. E. Futur R. L. SACKETT 


SPIRIT OF ST. LOUIS MEDAL BOARD OF AWARD 


(Dates in parentheses denote expiration of terms) 


V. J. Azsn, Chairman (1943) W. B. Mayo (1937) 
J. H. Doourtin, Secretary (1940) Orvitutn Wricut (1940) 
H. I. Conz (1937) C. B. Mrzuixan (1943) 


GEORGE WESTINGHOUSE BUST 


AMBROSE SwasEyY, Honorary Chairman K. T. Compton 
D. S. Krmsauu, Chairman S. W. DupL5y 
L. B. STinuweEu, Vice-Chairman C. H. LauER 
W. W. ATTERBURY L. A. OSBORNE 
C. F. Scorr 
GEORGE WESTINGHOUSE MEMORIAL 
(Ninetieth Birthday in 1936) 

R. V. Wricut, Chairman J. H. McGraw 
S. W. DupLEY C. F. Scorr 


R. I. Reus, Ex-Officio 


Special Publications Committee 


BIOGRAPHY ADVISORY COMMITTEE 


R. V. Wricut, Chairman F. R. Low 
L. P. AuForpD G. A. OrroK 
R. E. FLANDERS J. W. Ron 


4 W. H. WiInTERROWD 
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Special Administrative Committee 
REGULAR NOMINATING COMMITTEE (FOR 1935) 


GROUP 


I W.K. Smpson, Waterbury, Conn. 
Pror. C. H. Berry, Cambridge, Mass., Alternate 


Ir A. D. Buaxn, New York, N. Y. 
BE. A. Kereey, New York, N. Y., Alternate 


III Pror. A. G. Curistin, Baltimore, Md. 
A. R. Strvenson, JR., Schenectady, N. Y., 1st Alternate 
Pror. F. V. Larkin, Bethlehem, Pa., 2nd Alternate 


IV. Dean B. R. Van Luer, Gainesville, Fla. 
R. P. Koxs, Raleigh, N. C., Alternate 


vA. N. Gopparp, Detroit, Mich. 
Pror. F. W. Marquis, Columbus, Ohio, Alternate 


VI F.H. Dornnr, Milwaukee, Wis. 
A. A. Luxss, Lincoln, Neb., Alternate 


Pror. R. L. Daueuprty, Pasadena, Calif. 
P. Vatu, Los Angeles, Calif., /s¢ Alternate 
R. Ropertson, Los Angeles, Calif., 2nd Alternate 


Vil 
He 
R. 


LOCAL SECTIONS IN NOMINATING COMMITTEE GROUPS 


GROUP I 
Boston New Haven 
BRIDGEPORT Norwich 
Green Mountain PROVIDENCE 
HARTFORD WATERBURY 
MERIDEN WersTERN MassACHUSETTS 
New Britain WoRCESTER 

GROUP II 


Merropoutan (N. Y.) AND Forr1gN MrmBers 


GROUP III 
ANTHRACITE-LEHIGH VALLEY RocHESTER 
BALTIMORE ScHENECTADY 
CENTRAL PENNSYLVANIA SusQUBHANNA 
ONTARIO SYRACUSE 
PHILADELPHIA UTICA 
PLAINFIELD WasuinerTon, D. C. 
GROUP IV 
ATLANTA KNOXVILLE 
BIRMINGHAM MempuHis 
CHARLOTTE New ORLEANS 
CHATTANOOGA Nort TExas 
FLORIDA RALEIGH 
GREENVILLE SAVANNAH 
Houston VIRGINIA 
GROUP V 
AKRON-CANTON INDIANAPOLIS 
BUFFALO LovuIsvILLE 
CINCINNATI PENINSULA 
CLEVELAND PITTSBURGH 
CoLuMBUS ToLEDO 
Dayton West VIRGINIA 
DETROIT YouNGSTOWN 
ERIE 
GROUP VI 
CHICAGO NEBRASKA 
Kansas City Rock River VALLEY 
Mip-ContTINENT Sr. JosppH VALLEY 
MILWAUKER Sr. Lovis 
MINNESOTA Tri-CiTIps 
GROUP VII 
CoLoRADo San FRANCISCO 


UTan 
WESTERN WASHINGTON 


INLAND EMPIRE 
Los ANGELES 
OREGON 


SOCIETY RECORDS 


Professional Divisions 


(Personnel of Standing Commitiee, page 6) 


Aeronautic Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


J. H. Doourrrin, Chairman R. M. Mock 
ALEXANDER KieMIN, 1st Vice-Chairman E A. Sperry 
\JpRomMn LEDERER, Secretary B. M. Woops 
‘ 


COMMITTEE ON INDUSTRIAL AERODYNAMICS 


ALEXANDER Kuemin, Secretary W. G. Grovpe 
OutverR ALLEN O. E. Hovny 
W. H. Carripr A. L. KimBatu 
H. E. Davison R. J. S. Pigorr 
L. K. Srutcox 


H. P. Frear 


REPRESENTATIVES ON OTHER ACTIVITIES 


) Aircraft Safety and Inspection, JERomn LEDERER 
Marking of Obstructions to Air Navigation, J. E. WaiTprck 
Spirit of St. Louis Medal Board of Award, V. J. AzBn 
, Daniel Guggenheim Medal Fund, E. E. AuprIn 


Applied Mechanics Division 
\ Organized, 1927 


EXECUTIVE COMMITTEE 


Ruprsn EKSERGIAN 
J. C. HUNSAKER 


J. A. Gorr, Chairman 
E. O. Watnrs, Secretary 
C. R. SopERBERG 


Associates 


J. M. Lesspuis G. B. Praram 


A. L. Kimsauu 


JOURNAL OF APPLIED MECHANICS 
J. M. Lusseuts, Technical Editor 


SUBCOMMITTEE CHAIRMEN 


Elasticity, StspHEN TIMOSHENKO 
Hydromechanics, THEODOR VON KARMAN 
Materials, R. E. Peterson 
Plasticity, A. Napat 
Thermodynamics, J. A. Gorr 
Vibration, F. M. Lewis 


Fuels Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


K. M. Irwin, Chairman M. D. Eneup 
W. G. Curisty, Secretary T. A. MarsH# 
L. C. Bosuer R. A. SHERMAN 


Associates 


JoHN VAN BRUNT 
F, M. Van DrventTER 


A. D, BLAKE 
4. C. Stprn 


“SUBCOMMITTEE ON PROGRAMS, MEETINGS, AND AIMS 


)M. D. Eneun, Chairman J. N. LAanpis 
_ JLLISON CRAIG J. F. Murr 
|. M. Harperovs H. G. Tuiriscuar 


(SUBCOMMITTEE ON FUELS ENGINEERING PROGRESS 
REPORT 


K. M. Irwin, Chairman 


SUBCOMMITTEE ON CINDERS AND FLY ASH 
A. C. Stmrn, Chairman 
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COMMITTEE ON SAMPLING PULVERIZED FUEL IN A 
MOVING GAS STREAM 


(Research Committee; see page 21) 
K. M. Irwin, Chairman and Representative of Fuels Division 


COMMITTEE ON REMOVAL OF ASH AS MOLTEN SLAG 
FROM POWDERED-COAL FURNACES 


(Research Committee; see page 21) 
K. M. Irwin, Chairman and Representative of Fuels Division 


PURE AIR COMMITTER 
Organized, 1982 


E. C. Hurcurnson, Chairman M. D. Eneun 
E. H. Wuituiock, Secretary O. P. Hoop 
J. W. ARMOUR W. F. Keenan 


Representatives 


Puitie Drinker, American Society of Heating and Ventilating 
Engineers 
H. C. Murpny, Alternate 
K. M. Irwin, A.S.M.E. Fuels Division 
H. B. Muturr, Mellon Institute of Industrial Research 
E. B. Ricketts, Edison Electric Institute 


Hydraulic Division 
Organized, 1926 


EXECUTIVE COMMITTEE 


C. F. Merriam, Chairman 
S. Logan Kzurr, Secretary 
B. R. Van Leer 


Pau. DisrrEens 
D. J. McCormack 


MEETINGS AND PAPERS COMMITTEE 
S. Logan Kurr, Chairman R. W. Anaus 


COMMITTEE ON WATER HAMMER 
Honorary Member, Lornpnzo Auuinvi, Rome, Italy 


L. F. Moopy 
R. 8. Quick 
E. B. StrowGer 


S. Logan Kurr, Chairman 
Eueens Hatmos (A.8.C.E.) 
N. R. Gipson 


COMMITTEE ON TRANSLATIONS AND TERMINOLOGY 
B. R. Van Lenr, Chairman 


Tron and Steel Division 
Organized, 1927 


EXECUTIVE COMMITTEE 


T. H. WickmnpEn, Chairman 
J. H. Hircucocr, Secretary 


S. M. MarsHauh 
: Wiis McKeen 
W. A. JAMES 


W. R. WEsstar 
Associates 
F. C. Biecurt, Jr. C. 8. Roprnson 
A. J. Boynton G. T. SnyDER 
A. G. McKer W. TrRINKS 


S. M. Wecxsr5in 
Machine Shop Practice Division 
Organized, 1921 


EXECUTIVE COMMITTEE 


R. E. W. Harrison, Chairman E. R. Norris 
G. F. NorpENHOLT, Secretary B. G. Tana 
B. P. GRavus CaRLos DB ZAFRA 


SUBCOMMITTEE ON FOUNDRY PRACTICE 


Jamzs THomson, Chairman R. E. Kannepy, Secretary 
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Machine Shop Practice Division (continued) 
SUBCOMMITTEE ON MACHINE DESIGN 


FREDERICK FRANZ 
G. B. KarE.LitTz 
G. F. NorpENHOLT 
ALBERT PALMER 


J. A. Hau, Chairman 

J. B. ARMITAGE 

G. H. ASHMAN 

G. F. CosGRovE 
SUBCOMMITTEE ON LUBRICATION ENGINEERING 


G. B. KARELitTz 


w. F. Parisu, Chairman 
C. M. Larson 


C. H. BRoMLEY 
H. J. Masson 


SUBCOMMITTEE ON CUTTING METALS 


CoLeMAN SELLERS, 3RD, Chairman 


SUBCOMMITTEE ON WELDING 


EVERETT CHAPMAN, Chairman 


Management Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


J. A. PIACITELLI, Chairman Col. Day 
G. W. KSLSEY, Vice-Chairman WALTER RAUTENSTRAUCH 
wW. H. Kusunick, Secretary J. R. SHEA 


Associates 


C. W. LytL F. E. RAYMOND 


Student Associates 
F, WAVER, Stevens Institute of Technology 
R. BruGGER, Polytechnic Institute of Brooklyn 
M. J. Massimo, New York University 
Vv. §. Myers, Columbia University 
R. H. Curtiss, Columbia University 


SUBCOMMITTEE CHAIRMEN 


Economics, Knrr ATKINSON 
Finance and Accounting, K. W. JAPPE 
Human Relations, R. LIkERT 
Job Shop Management, A. J. GraFr 
Management Research, W. E. FREELAND 
Marketing, G. W. Keispy 
Metropolitan Section, A. F, Ernst 
Quality Control, M. F. SKINKER 
Time and Motion Study, D. B. PorTER 
Waste Elimination, C. B. AuEL 


NATIONAL MANAGEMENT COUNCIL 
(See page 30) 
Materials Handling Division 


Organized, 1920 


EXECUTIVE COMMITTEE 


J. B. Wess. Chairman G. E. HAGEMANN 

M. W Ports, Secretary F. E. Moors 

N. W. ELMER G. L. MorpHbaD 
Associates 

F. D. CAMPBELL R. B. RENNER 

J. A. JACKSON F. J. SHEPARD, JR. 

R. H. McLain E, D. Smita 


National Defense Division 
Organized, 1920 


EXECUTIVE COMMITTEE 


H. I. Conn, Chairman 
W. C. DickmRMAN 
, J. L. Watse 


RaupH EARLE 
T. A. MorGan 
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MECHANICAL ENGINEERS 


Oil and Gas Power Division 
Organized, 1921 


EXECUTIVE COMMITTEE 


Ratex Miuisr, Chairman 
M. J. Reep, Secretary 
L. B. JACKSON 


E. J. Kates 
Ernest NIsBBs 
Len SCHNEITTER 


Associates 
H. C. Masor 
H. T. Moors 
L. H. Morrison 


Harts Cooke 
L. R. Forp 
L. M. GotpsMITH 


SUBCOMMITTEE ON 1934 OIL ENGINE POWER COST 
REPORT 


Howarp McCurpy 


H. C. Masor, Chairman 
A. B. MorGan 


M. J. Reep, Secretary 


L. R. Forp L. H. Morrison 
Ww. G. G. GopRON H. A. PERSON 

K. M. Irwin Ler ScHNEITTER 
BE. J. Kates P. H. ScHWEITZER 
H. C,. LENFEST H. C,. THUERK 


C. A. TRIMMER 


Petroleum Diviston 
Organized, 1925 


EXECUTIVE COMMITTEE 


H. F. Brinpgx, Chairman W. H. Carson 
Haroip Apxison, Midwestern Secretary ¥. H. Eper_e 
H. J. Masson, Secretary W. G. HeLtTzEL 
T. D. Tirrt 
Associates 
EB. H. Bartow H. P. PorTER WALTER SAMANS © 


SUBCOMMITTEE ON PRODUCTION 
R. R. HAwkKINS 


W. H. Carson, Chairman 
R. M. Carr H. DreckEeR 
H. W. Manuey J. R. JoHNSTON 


SUBCOMMITTEE ON OIL TRANSPORTATION 


H. M. StavENsON 
F. A. STIVERS 

F. E. WARTERFIELD 
Oscar WOLFB ; 


Ww. G. Heurzet, Chairman 

A. N. Horne 

H. N. Hunter 

B. P. SrB0oLB 
SUBCOMMITTEE ON GAS TRANSPORTATION 


R. W. Henpes, Chairman 


SUBCOMMITTEE ON PETROLEUM REFINING 
T. D. Tirrt, Chairman T. H. Hamitton, Vice-Chairma 


SUBCOMMITTEE ON LUBRICATION ENGINEERING 
(Machine Shop Practice Division; see preceding column) 


H. J. Masson, Representative of Petroleum Division 


SURVEY COMMITTEES ON PETROLEUM PROBLEMS 


(Now at work or in the process of formation in the Mid-Contine 
Section) 


Unfired Pressure Vessels 

Diesel Engine Driven Reciprocating Pumping Stations 

Uniform Code of Economic Analysis of Different Types of Oil Pi 
Line Pumping Stations 


Power Division 
Organized, 1920 
EXECUTIVE COMMITTEE 


J. M. Brentuincer, Chairman 
Ww. A. Cartnr, Secretary 
J. C. Hopss 
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Printing Industries Division 
Organized, 1922 


EXECUTIVE COMMITTEE 


Epwarp Epstrean, Chairman 
Epwarp P. Huusn, Secretary 
J. M. FARRELL 


R. G. MacponaLp 
JoHN CLyDE OswALp 
Burt D. Strvens 
Associates 
Wo. C. Guass 
Harry GROESBECK, JR. 
WELLS F,, Harvey 
T. R. Jonzs 
HapAR ORTMAN 
H. M. TiniineHast 


V. WINFIELD CHALLENGER 
SUMMERFIELD ENry, JR. 

) F. M. Frynn 

’ Harry L. Gace 
A. E. GimGencack 


CHAIRMEN OF DIVISIONAL COMMITTEES 


Meetings and Programs, G. D. BEARcE 
Paper and Pulp, W. R. Maui 
Progress Report, W. S. Huson 

Research and Survey, ARTHUR C. JEWETT 


, The Division sponsors the Conference of the Technical Experts 

in the Printing Industry, a forum for the discussion of the mechani- 
cal and process problems of the entire graphic arts field; also the 

) Graphic Arts Research Bureau, formed to act as a clearing house for 
graphic arts research and for the collection, correlation, and distribu- 
tion of research information pertaining to the industry and for the 
sponsorship of research work. 


\ Process Industries Division 
Organized, 1934 


EXECUTIVE COMMITTEE 

. E. HARRINGTON 

. D. Munson 
W. THomMas 


Victor Wicuum, Chairman Cc 
W. K. McAresp, Vice-Chairman H 
T. R. Ottven, Secretary C 


SUBCOMMITTEE CHAIRMEN 


Air Conditioning, G. B. Bartry 
Brewing, C. F. Kayan 
Ceramics, W. K. McArer 
Cottonseed Processing, W. R. WoouricH 
Drying, C. W. THomas 
Food Processing, G. L. Montgomery 
Pulp and Paper, H. D. FisHpr 
Pulverizing and Grinding, J. C. Harpiee 
Sanitation, W1LuIAM RaIscH 
Sugar, F. M. Grsson 
Unit Operation Costs, H. J. Masson 


HEAT TRANSFER COMMITTEE 


H. SENGSTAKEN, Chairman F. H. Eserie 
H. C. Horren 
M.S. Van Dusen C. E. Lucks 


Ratlroad Division 
Organized, 1920 


EXECUTIVE COMMITTEE (RR1) 


C. E. BarBa, Chairman 
G. W. Ring, 1st Vice-Chairman 
W.#H. WintTERROWD, 2nd Vice-Chairman 
C. T. Rietey, 3rd Vice-Chairman 
E. C. Scumipt, 4th Vice-Chairman 
M. B. Ricuarpson, Secretary 


GENERAL COMMITTEE (RR2) 


C. E. Barsa, Chairman P. C. Moratzs (1937) 
"0. C. Cromwett (1935) K. F. Nystrom (1937) 
J. R. Jackson (1935) W. G. Buack (1938) 
M. H. Roserts (1935) W. H. Cixae (1938) 
A. I. Liprrz (1936) G. A. Youne (1938) 
_F. E. Lyrorp (1936) L. H. Fry (1939) 
-Exior Sumner (1936) F. E. Russexu (1939) 
‘'T. C. McBripx (1937) R. W. Sauispury (1939) 
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PAST-CHAIRMEN (RR3) 


E. B. Karrr* (1920-1922) R. 8S. McConnetu (1929) 
JAMES PARTINGTON (1923-1924) A. F. Stnusine (1930) 
C. BE. CoamsBnrs (1925) EvioT SUMNER (1931) 
H. B. Oartey (1926-1927) T. C. McBripp (1932) 
Wo. Evmer (1928) L. K. Smucox (1933) 

C. B. Peck (1934) 


CHICAGO GROUP (RR4) 


W. O. Moony, Chairman 
E. L. Woopwarp, Secretary 
Water DUNHAM 


Peter PARKE 
C. T. Rrptey 
W. H. WinTERROWD 


COMMITTEE ON MEETINGS AND PAPERS (RR5) 
W. H. WinteRROwWD, Chairman 


.G.B 
1. i vie Spring Meeting, 1935 


COMMITTEE ON SURVEY (RR6) 


A. I. Lipnrz, Chairman (Locomotive and Foreign Developments) 
W.H. Cunea (Canadian and Automotive Equipment) 
P. C. Moraues (Mexican and South American Developments) 
K. F. Nystrom (Cars) 


COMMITTEE ON TECHNICAL CONTACTS (RR7) 


E. C. Scumipt, Chairman F. E. Lyrorp 
O. C. CROMWELL F. E. RusseLuu 
J. R. Jackson R. W. SALisBuRY 


COMMITTEE ON PROFESSIONAL SERVICE (RR8) 


L. K. Sizitcox, Chairman (Membership) 
H. B. Oatuiey (Professional Survey) 
M. B. RicHarpson 


COMMITTEE ON RESEARCH (RRQ) 


L. H. Fry, Chairman G. W. Rink 
T. C. McBripp A. F. Stnusine 


JaMeEs PARTINGTON G. A. Youne Eviot SUMNER 


Textile Division 
Organized, 1921 


EXECUTIVE COMMITTEE 


H. D. Learnarp, Chairman WENDELL Brown 

M. A. Gourick, Jr., Secretary W. L. Conrap 

A. W. Benoit C. H. Ramsrny 
Associates 

H. M. Burke ALBERT PALMER 


Paut MprRRiaM EARLE STALL 


Wood Industries Division 
Organized, 1921 


EXECUTIVE COMMITTEE 


G. Routo Petriz, Chairman 
H. B. Carpenter, Secretary 
A. D. Smita, Jr. 


Associates 


C. L. Bascock A. S. KurkJIAn R. H. McCarruy 
P. H. BILHUBER Sprn Mapsen P. T. Norton, Jr. 
F. P. CARTWRIGHT J. H. MansrieLp T. D. Perry 


J. S. Matrarwson 


SAWS AND KNIVES COMMITTEE 


C. L. Bascock, Chairman G. E. Frencu, Secretary 


RESEARCH SURVEY COMMITTEE 


G. R. Perris, Chairman A. Koruurr, Secretary 


* Deceased. 
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Local Sections 


(Personnel of Standing Committee, p. 5) 


Midwest Office 


R. R. Leonarp, Midwest Representative, 
Room 1617,-205 West, Wacker Drive, Chicago, Ill. 


Mid-Continent Office 


J. Harotp Apxison, Mid-Continent Petroleum Secretary, 
213 Midco Bldg., Tulsa, Okla. — 


AKRON-CANTON 


Organized: 1920 

Territory: Counties 
Portage, Wayne, Stark, Holmes, Tuscarawas, 
Coshocton in Ohio 

Number of Members: 108 


of Richland, Ashland, Medina, Summit, 
Carroll, and 


EXECUTIVE COMMITTEE 


C. H. BRruGGEMEIR 
Jas. FoRREST 
A. J. KELLER 
A. D. MacLacHLAN 
C. W. Traut 


U. A. WHITAKER, Chairman 

H. E. Waner, Vice-Chairman 

H. A. TrisuMan, Secretary-Treasurer 
R. F. BacHE 

F, P. BRowN 


ANTHRACITE-LEHIGH VALLEY 


Organized: 1920, as Lehigh Valley; reorganized, 1928, as Anthra- 
cite—Lehigh Valley 

Territory: Counties of Bradford, Susquehanna, Wayne, Sullivan, 
Wyoming, Lackawanna, Columbia, Luzerne, Monroe, Pike, 
Schuylkill, Carbon, Berks, Lehigh, Northampton in Pennsyl- 
vania, and Warren in New Jersey 

Place of Meeting: One meeting annually at Allentown, Bethlehem, 
Easton, Hazleton, Pottsville, Reading, Scranton, and Wilkes- 
Barre 

Local Organization: The Engineers’ Club of Lehigh Valley 

Number of Members: 205 


EXECUTIVE COMMITTEB 


F. H. Decuant, Chairman A. W. Lucs 

H. GC. Picken, Vice-Chairman C. M. Mprrick 

M. CG. Sruart, Vice-Chairman J. A. PowELL 

P. B. Eaton, Vice-Chairman CHRISTIAN SCHILLINGER 
C. W. Brett, Secretary BE. E. Smite 

R. J. Prrvcs, Treasurer P. A. WEAVER 

W. W. HacerTy D. G. WiniLIAMs 


ATLANTA 


Organized: 1913 

Territory: Radius of sixty miles from Atlanta, Ga. 
Place of Meeting: Atlanta Athletic Club 

Number of Members: 70 


EXECUTIVE COMMITTEE 


E. W. Kuery, Chairman 
W. C. Wropn, Vice-Chairman 
R. M. Matson, Secretary-Treasurer 


GrorGb BRAUNGART, JR. 
J. W. PARKER, JR. 
P. R. Yorp 


BALTIMORE 


Organized: 1916 

Territory: Radius of thirty miles from Baltimore, Md. 

Place of Meeting: Engineers’ Club of Baltimore 

Luncheon meeting every Wednesday at 12:00 noon at Engineers’ 
Club 

Number of Members: 158 


ExxrcuTive COMMITTEE 


J. C. Srrottr, Chairman K. A. HAwLEy 
F. W. KouwENnHoveEn, Secretary-Treasurer N. B. Hieerns 
J. R. BAKER J. E. Howarp 
O. C. CROMWELL A. L. PENNIMAN, JR. 


A. W. Taytor 
' 
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BIRMINGHAM 


Organized: 1915 

Territory: Radius of sixty miles from Birmingham, Ala. 

Place of Meeting: Auditorium of the Alabama Power Company 
Building 

Number of Members: 51 


Executive COMMITTEE 


J. A. Strnit, Chairman J. M. GILFriLLaANn 
J. W. EsHetman, Vice-Chairman J. W. Orncutr 
R. A. Pouauaze, Secretary-Treasurer 


BOSTON 


Organized: 1909 

Territory: Radius of thirty miles from Boston, Mass. 

Place of Meeting: Rooms of the Engineering Societies of Boston 
Local Organization: Engineering Societies of Boston 

Number of Members: 501 


Executive CoMMITTEB 


A. W. Benoit, Chairman E. L. Roor 
J. T. Croauan, Vice-Chairman W. E. FarnoaM 
G. C. Eaton, Secretary-Treasurer W. F. Ryan 


BRIDGEPORT 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Fairfield County, Conn. 

Place of Meeting: University Club 

Number of Members: 107 


EX§CUTIVE COMMITTEE 


H. E. Wetts, Chairman ARTHUR BREWER 
H. P. Harris, Vice-Chairman W. R. Ouark 

W. H. Snirren, Secretary A. H. Emery, JR. 
C. N. Hoaauanp, Treasurer A. W. Hagan 

T. H. Bearp I. C. JENNINGS 
Jutrus BRENZINGER R. C. Moopy 


BUFFALO 


Organized: 1915 

Territory: Radius of thirty miles from Buffalo, N. Y. 
Place of Meeting: Hotel Statler 

Local Organization: Engineering Society of Buffalo 
Number of{Members: 162 


EXECUTIVE CoMMITTEBR 


J. L. Yarxus, Chairman 

Pau DusoscuarD, Acting Vice-Chairman 
w. A. Miuumr, Secretary 

C. E. Harrineton, Treasurer 


C. Gate KIPLINGER 
J. ARTHUR FisH 
H. D. Munson 


CENTRAL PENNSYLVANIA 


Organized: 1921 
Territory: Radius of approximately sixty miles from State College, 
Pa. 


Place of Meeting: Pennsylvania State College, State College, Pa. 
Number of Members: 51 


ExxcutTivE CoMMITTER b. 
F. E. Burren, Chairman H. A, Everett 
C. E. Buuurneer, Secretary-Treasurer S. K. HorrmMan 
G. F. Evuiott C. H. Kent 


CHARLOTTE 


Organized: Asa Branch, 1923; as a Section, 1927 
Territory: Radius of sixty miles from Charlotte, N. C. 
Number of Members: 23 


EXECUTIVE COMMITTEB 


J. H. SADLER 


Lyx, Jr., Chairman 
Asa Hosmer, Ex-Officio 


W.S. 
H. M. McKetvin, Vice-Chairman 
V. E. Fuuuer, Secretary-Treasurer 
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CHATTANOOGA 


Organized: 1922 
Territory: Radius of sixty miles from Chattanooga, Tenn. 
Number of Members: 14 


\ EXECUTIVE CoMMITTEE 


NEWELL SAnpDERS, Chairman a. 
H. H. Battny, Vice-Chairman M. 
F. Warp Retuy, Secretary-Treasurer 


a CHICAGO 


Organized: 1913 

Territory: Radius of fifty miles from Chicago, IIl. 

Headquarters: Mid-West A.S.M.E. Office, 205 West Wacker Drive, 
Chicago, Ill. 

Local Organization: 

‘Number of Members: 


Western Society of Engineers 
639 


EXECUTIVE COMMITTER 


R. D. Brizzouari, Chairman C. C. AUSTIN 

“A. E. GruneERT, Vice-Chairman C. B. Coz 

F. B. Orr, Secretary L. D. Gayton 

‘Huco Diemer, Treasurer W. W. WINTERROWD 


) 
CINCINNATI 
‘Organized: 1912 
Territory: Radius of thirty miles from Cincinnati, Ohio 
lace of Meeting: Engineers’ Club Rooms, Ninth & Race Sts. 
\Local Organization: Engineers’ Club of Cincinnati 
‘Number of Members: 199 


EX&CUTIVE CoMMITTER 


. Fate, Chairman W. E. M. FretmMan 
. Seyter, Vice-Chairman O. C. H1tmer 

. JOBRGER, Secretary-Treasurer C. L. KonHLer 

. ANDERSON E. A. MULLER 
BuntTING R. S. PARKER 
CARDULLO W. W. TANGEMAN 
DEwEY H. C. Ursie1n 

CLEVELAND 
)rganized: 1918 


Territory: Counties of Lorain, Cuyahoga Lake, Geauga, and Ashta- 
bula in Ohio 
Place of Meeting: 
-ocal Organization: 
'}Yumber of Members: 


Statler Hotel 
Cleveland Engineering Society 
238 


EXECUTIVE COMMITTEE 


Davin GAEHR 

H. A. MacKenzin 
McRea PARKER 
G. L. Tuve 


... E,. Jermy, Chairman 

.. J. Srock, Vice-Chairman 

41. M. Hammonpn, Secretary 

'ERDINAND JEHL, Treasurer 

E. H. Wuirtock 


COLORADO 


~rganized: 1919 

“erritory: Entire State of Colorado 

“lace of Meeting: Parisienne Rotisserie Inn, Denver, Colo. 

ocal Organization: Colorado Engineering Council (Colorado 
Society of Engineers) 

‘umber of Members: 84 


EXEcuTIVE CoMMITTER 


ARTHUR HALLIWELL 
J. A. HUNTER 
D. J. Nevinu 


.. A. Lockwoop, Chairman 
_. A. Ricuter, Secretary-Treasurer 


. D. Crain ° 
F. H. Proutry 


COLUMBUS 


* ganized: 1920 
rritory: Counties of Union, Delaware, Licking, Madison, Frank- 


lin, Fayette, Pickaway, and Ross in Ohio 
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Place of Meeting: 
University 
Local Organization: ‘Engineers’ Club of Columbus 

Number of Members: 79 


Batelle Memorial Institute and Ohio State 


EXEcuTIVE CoMMITTEE 


F. W. Marauis, Chairman S. R. Bertier 
H. S. Dickerson, Vice-Chairman T. H. Kerr 
E. M. Sampson, Secretary-Treasurer 


DAYTON 
Organized: 1926 
Territory: Counties of Drake, Miami, Champaign, Preble, Mont- 
EL Greene, and northern part of Butler and Warren in 
° 
Place of Meeting: Engineers’ Club of Dayton 
Local Organization: Engineers’ Club of Dayton 
Number of Members: 73 


EXECUTIVE COMMITTEE 


J. Q. SatisBpury, Chairman G. A. BuvineGeR 
R. W. Martin, Vice-Chairman T. F. Ravaiczar 
W. E. Buanx, Secretary C. M. Ripscx 

B. E. Tater, Treasurer H. C. Werntanp 


DETROIT 


Organized: 1916 

Territory: Radius of thirty miles from Detroit, Mich. 

Place of Meeting: Place varies 

Local Organization: Associated Technical Societies of Detroit 
Number of Members: 356 


EX&cuUTIVE COMMITTEE 


L. J. SCHRENK, Chairman L. T. Knocks 
SaBin Crocker, Secretary-Treasurer F. J. LINSENMEYER 
B. W. Bryer, Jr. R. W. Smite 


J. A. CLauss 
C. L. EKsERGIAN 


STEPHEN TIMOSHENKO 
P. H. Smirx, Ex-Officio 


ERIE 


Organized: 1917 

Territory: Radius of thirty miles from Erie, Pa. 

Place of Meeting: Auditorium of Pennsylvania Telephone Company 
Number of Members: 51 


EX&cUuTIVE COMMITTEE 


A. J. Woopwarp, Chairman W. J. BRENNER, Secretary 
G. S. Brewer, Vice-Chairman FRANK Dersy, Treasurer 
H. C. MircuHeu, Vice-Chairman Gerorce BacH 
H. O. Davipson, Vice-Chairman H. E. Gorrz 
H. L. KaurrMan, Vice-Chairman W. L. Hunter 
N. A. Newron, Vice-Chairman HerMAN MUELLER 

M. E. Suite 

FLORIDA 

Organized: 1925 


Territory: State of Florida 

Place of Meeting: Place varies 

Local Organization: Florida Engineering Society, Gainesville, Fla, 
Number of Members: 55 


EXECUTIVE COMMITTEE 


H. S. Rippus, Chairman CHARLES BEENSEN 


Burvett Loomis, Jr., 1st Vice-Chairman C. M. Lowry 
RoBERT PEYINGHAUS, 2nd Vice-Chairman H. J. B. ScHARNBERG 
B. R. Van LEtr, Secretary-Treasurer G. H. Suir 

F. J. Hows, Student Chairman J. P. WARREN 


GREEN MOUNTAIN 


Organized: 1923 

Territory: Entire State of Vermont and neighboring and closely 
related communities of Claremont and Hanover, N. H. 

Place of Meeting: Springfield, Windsor, Vt., and Claremont, N. H. 

Local Organization: Vermont Engineering Society 

Number of Members: 37 
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BxEcuTIvVE COMMITTEE 
J. B. Jonnson, Chairman C. J. DEWELL 
M. H. Arms, Secretary-Treasurer H. R. FInn 
C. H. ADAMS R. H. Hacke. 
O. F. ANDERSON F. A. Joy 
C. 8. BracH H. J. Lockwoop 
F. E. CHEEVER E. L. SuspORFF 

GREENVILLE 

Organized: Asa Branch, 1923; as a Section, 1927 
Territory: Radius of sixty miles from Greenville, S. C. 


Place of Meeting: Meetings held at Greenville, Clemson College, 
Ss. C., Canton, Asheville, and Enka, N. C. 
Number of Members: 26 


EXECUTIVE CoMMITTER 


J. R. Gity, Chairman W. R. CrvutTEe 
R. H. Cuapman, Vice-Chairman B. E. Fprnow 
J. B. Mayo, Secretary-Treasurer R. B, FULLER 
C. D. BLhacK WELDER W. H. TayLor 
R. C. TRAMMELL 
HARTFORD 
Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 
Territory: Hartford County except that portion served by Meriden 


and New Britain Sections 
Place of Meeting: Connecticut State Trade School 
Number of Members: 101 


EXxEcuTIVE COMMITTEE 


W. C. BErEKLEY 
BE. P. Herrick 
L. W. STEVENS 


B. R. Fisu, Chairman 
H. B. VAN ZELM, Vice-Chairman 
EB. S. Woiston, Secretary-Treasurer 


HOUSTON 


Organized: 1919 

Territory: South Texas and the northern part of the State not 
included in the North Texas Section territory 

Place of Meeting: Electric Bldg., Houston, Tex. 

Number of Members: 112 


EXECUTIVE COMMITTEB 


J. H. Dusenvorr, Chairman G. G. HARRINGTON 
J. M. RoBERTSON, Vice-Chairman J. H. Pounp 
J. E. Monteommury, Secretary C. M. RospBRUGH 
W. T. ALLIGER B. E. SHort 
V. M. Farres J. K. SwInFrorD 
E. R. BREAKER 

INDIANAPOLIS 

Organized: 1916 


Territory: Radius of eighty miles from Indianapolis, within Indiana 
Place of Meeting: Place varies 

Local Organization: Indiana Engineering Society 

Number of Members: 115 


EXECUTIVE COMMITTEB 


F. C. HocknMa 
Homer RupaRD 


D. B. Prentice, Chairman 
J. H. Maaurre, Vice-Chairman 
J. C. SIzGESMUND, Secretary-Treasurer 


INLAND EMPIRE 


Organized: 1921 

Territory: East of Columbia River in State of Washington, and 
Counties of Okanogan and Benton, and portion of Northern 
Idaho 

Place of Meeting: Davenport Hotel, Spokane 

Luncheon Meetings every Wednesday at 12:00 noon, Davenport 
Hotel, Spokane 

Local Organization: Associated Engineers of Spokane 

Number of Members: 21 


ExpcuTivE CoMMITTER 


D. R. Gray, Chairman H. F. Gausp 
U. B. Hoven, Vice-Chairman H. J. MacCamy 
, C. I. CARPENTER, Secretary-Treasurer L. J. Pospisin 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


J. F. Hurst, Chairman B. M. BrieMAn. 
_L. 8. Vanen, Vice-Chairman J. H. RomMANN 
H. H. Fenwick, Secretary-Treasurer 
MEMPHIS 
Organized: 1923 
Territory: Radius of sixty miles from Memphis, Tenn. 


C. A. Newton, Chairman J. A. Hurcuins 
R. W. Srerson, Secretary-Treasurer L. B. Marcy 
H. C. CAsSHEN E. A. RoBInson 


KANSAS CITY 


Organized: 1921 

Territory: Radius of sixty miles from Kansas City, Mo. 
Place of Meeting: Hotel President 

Local Organization: Engineers’ Club of Kansas City 
Number of Members: 89 


EXECUTIVE COMMITTEE 


E. L. McDona.p, Chairman W. G. CRAMER 

B. D. Hay, Vice-Chairman E. L. HENDRICKSON 

H. A. Sirsa, Secretary F. J. HouzBauRr 

Pp. A. WuiTe, Treasurer A. C. KirKwooD 

H. A. ATWATER J. A. WALTER 

KNOXVILLE 

Organized: 1923 

Territory: All the counties east of the west boundaries of the 
following, Morgan, Roane, Loudon, McMinn, Scott, and 


Polk, Tenn., and Bell County, Ky. 
Place of Meeting: Andrew Johnson Hotel 
Number of Members: 39 } 


ExrcuTivEe CoMMITTER | 


Water CARSON, JR. 
WeENDELL KENNEDY 
W. F. Seartp, JR. 


BE. W. Pater, Chairman 
J. P. Ferris, Vice-Chairman 
B. L. Carpenter, Secretary-Treasurer 


LOS ANGELES 


Organized: 1915 

Territory: South of southern boundaries of following counties, 
Monterey, Kings, Tulares, and Inyo, Calif. 

Place of Meeting: Place varies 

Local Organization: Technical Societies of Los Angeles 

Number of Members: 318 


EXECUTIVE COMMITTEE 


D. P. Vain, Chairman E. C. BARKSTROM 
J. R. Horrman, Vice-Chairman D. E. Dickny 
S. M. Dunn, Secretary-Treasurer L. G. MutcaLr 


W. Roy SHETTEL 


LOUISVILLE 


Organized: 1922 

Territory: Radius of thirty miles from Louisville, Ky. 

Place of Meeting: Engineers’ and Architects Club of Louisville 
Local Organization: Engineers’ and Architects Club 

Number of Members: 34 


Ex§cUTIVE COMMITTEB 


Number of Members: 28 


EXmCUTIVE COMMITTEE 


L. H. Hunaate, Jr., Chairman T. H. ALLEN 
R. V. Downs, Vice-Chairman M. W. Rice 
J. J. Ryan, Secretary-Treasurer W. H. Roperr 


J. S. Rosrnson 


MERIDEN 
Organized: 1917, as a Branch of Connecticut Section; freorganize 
as a Section, 1923 + 


Territory: Meriden, Middletown, Southington, Portland, Plan 
ville, and Wallingford, Conn. 

Place of Meeting: State Trade School Auditorium 

Number of Members: 25 


EXEcurTivp CoMMITTEB 
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METROPOLITAN 


Organized: 1910 

Territory: Metropolitan District, New York and New Jersey 
Place of Meeting: Engineering Societies Building, New York, N. Y. 
Number of Members: 3459 


} EX&cuTIvVE COMMITTEB 


W.C. Guass 

Joun HorruiIne 

T. E. Keatine 

W. L. Tann 

G. B. Peeram, Ex-Officio 


. N. Lanpis, Chairman 

. B. Purpy, Secretary 
. H. Armacost, Treasurer 
. W. CLINEDINST 

. S. CrosBy 


eae 


MID-CONTINENT 


Organized: 1919 

Territory: Entire States of Oklahoma and Arkansas, and a part 
of Louisiana. In Texas north of the southern boundaries of 
the counties of Gaines, Dawson, Bordon, Scurry, Fisher, Jones, 
and Shackelford 

Place of Meeting: 213 Midco Building, Tulsa, Okla. 

Number of Members: 148 


) EX&CUTIVE COMMITTEE 

Hours P. Porter, Chairman F. S. Ketry, Jr. 
J. M. McGregor, Vice-Chairman V. L. MaLErv 
J. F. Eaton, Secretary R. G. Pappock 
. W. Mantey, Treasurer 


} MILWAUKEE 

"Organized: 1904 

‘Territory: Radius of fifty miles from Milwaukee, Wis. 
“Place of Meeting: Milwaukee Athletic Club 


‘Local Organization: Engineers’ Society of Milwaukee 
Number of Members: 196 


EXECUTIVE COMMITTER 


Hans DaHwLsSTRAND 
F. H. DorNER 
ARTHUR SIMON 


. D. Buss, Chairman 
. H. Luepicker, Secretary-Treasurer 
. A. CAHILL 


ars 


MINNESOTA 


‘Organized: Minneapolis, 1913; St. Paul, 1913; merged the two 
Sections, 1934 

‘Territory: Entire State of Minnesota 

‘Place of Meeting: Minnesota Union 

/.uocal Organization: Minneapolis Engineers’ Club, Minnesota 
i Federation of Architectural and Engineering Societies 

Number of Members: 92 


EX&cUTIVE COMMITTEE 


P. J. FRAWLEY 
R. E. Gipss 
A. Herrick 


3. F. Enpvicorr, Chairman 

“Metvin Ovestrup, Vice-Chairman 

|. A. Coss, Secretary-Treasurer €: 
H. O. WasHBURN 


NEBRASKA 


Drganized: 1922 

Cerritory: State of Nebraska, and Council Bluffs, lowa 
lace of Meeting: Lincoln and Omaha 

.ocal Organization: Engineers’ Club of Lincoln and Omaha 
Number of Members: 32 


EXECUTIVE COMMITTER 


V. L. DeBaurre, Chairman A. E. Buntine 
2. B. Boats, Vice-Chairman C. F. Mouttron 
,. A. Lunss, Secretary-Treasurer R. H. Park 


R. J. PROHASKA 


f ~ NEW BRITAIN 

Yrganized: 1921, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

“erritory: New Britain, Plainville, Forestville, Bristol, Kensington, 
and Berlin, Conn. 

“lace of Meeting: Auditorium of the State Trade School 

umber of Members: 35 


RI-15 


EXECUTIVE COMMITTEE 


R. A. Gris, Chairman B.S. Lewis 

P. W. Baunr, Vice-Chairman H. L. SPAUNBURG 
C. W. Lunn, Secretary-Treasurer C. C. Stevens 

R. H. Bartow W. CLEMENTS ZINCK 


NEW HAVEN 


Organized: 1912; reorganized, 1923 

Territory: Portions of New Haven and Middlesex Counties, Conn, 
Place of Meeting: Mason Laboratory, Yale University 

Number of Members: 88 


EXECUTIVE CoMMITTEE 


C. W. Taytor, Chairman P. H. EneuiseH 
H. R. Pouueys, Secretary-Treasurer G. E. Huss 
A. L. BRECKENRIDGE J. C. Menzies 


M. J. RapEcKI 


NEW ORLEANS 


Organized: 1916 

Territory: All of Louisiana except the northern part allotted to 
Mid-Continent Section 

Place of Meeting: Room 422, St. Charles Hotel 

Local Organization: Louisiana Engineering Society 

Number of Members: 83 


EX&CUTIVE COMMITTEE 


R. F. Muuuer, Chairman 
C. A. BENDER, JR., Secretary-Treasurer 
D. W. Stewart 


J. S. NeraHerwoop 
A. D. STANCLIFF 


NORTH TEXAS 


Organized: 1922 
Territory: Radius of one hundred and twenty-five miles from Dallas, 
in Texas 


Place of Meeting: University Club, Dallas, Texas 
Local Organization: Technical Club of Dallas 
Number of Members: 50 


EX&CUTIVE COMMITTEE 


P. M. CorpELu 
W. B. Gregory 


E. W. BurBank, Chairman 
R. R. Crownus, Secretary-Treasurer 


R. W. Hown 
NORWICH 
Organized: 1930 
Territory: Counties of Tolland, Windham, and New London in 


Connecticut, and Westerly District in Rhode Island 


Place of Meeting: Arcanum Club, 150 Main St., Norwich 
Number of Members: 30 
EXECUTIVE COMMITTER 

Lovetock Hoi, Chairman W. L. Even 
W.E. Beanery, Secretary-Treasurer F. S. ENeiiso# 
C. E. BARBER C. W. PHELPS 

L. E. Wuiton 

ONTARIO 

Organized: 1917 
Territory: Province of Ontario, Canada 


Place of Meeting: Mining Building, University of Toronto 


Number of Members: 86 


EXECUTIVE COMMITTEE 


O. W. Exits, Chairman F. H. Evanp 
F. G. East, Secretary-Treasurer S. L. Fear 
E, A. ALLcuT W. G. McIntTosH 


W. A. OsBoURNE 
W. A. RicHarps 


W.S. Bau 
C. H. McL. Burns 
P. G. WELFORD 


OREGON 


Organized: 1919 
Territory: State of Oregon and that territory in Washington within 
a radius of thirty miles from Portland, Ore. 
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Place of Meeting: University Club, Portland, Ore. 
Local Organization: Oregon Society of Engineers 
Number of Members: 52 


EXECUTIVE COMMITTEE 


W. iH. Martin, Chairman s. 
J. E. Dyer, Secretary-Treasurer G. 
A. A. OSIPOVICH 


M. Lister 
F. McDovuGaLu 


PENINSULA 


Organized: 1923 

Territory: West of the east boundaries of the following counties: 
Emmet, Charlevoix, Antrim, Kalkaska, Missaukee, Clare, 
Isabella, Gratiot, Clinton, Eaton, Calhoun, and Branch, Mich. 

Place of Meeting: Grand Rapids, Mich. 

Local Organization: Engineers’ Club of Grand Rapids 

Number of Members: 50 


EXECUTIVE COMMITTEE 


LeRoy L. Benepict, Chairman S. H. Downs 
B. A. Parks, Vice-Chairman C. H. GrinnELL 
F. H. Meyer, Secretary-Treasurer E. E. NorRMAN 


PHILADELPHIA 


Organized: 1912 

Territory: Counties of Bucks, Montgomery, Chester, Philadelphia, 
Delaware, Pa., and the State of Delaware 

Place of Meeting: Philadelphia Engineers’ Club 

Local Organization: Philadelphia Engineers’ Club 

Number of Members: 771 


EXECUTIVE COMMITTEE 


G. E. Croroot, Chairman E. R. GLENN 
W. F. Oseruuser, Vice-Chairman C. C. JonES 
J. P. Harsnson, Secretary-Treasurer CoLEMAN SELLERS, 3RD 


PITTSBURGH 


Organized: 1920 

Territory: Counties bounded by and including Beaver, Butler, 
Venango, Forest, Jefferson, Indiana, Somerset, Fayette, Greene, 
and Washington, Pa. 

Place of Meeting: Engineers’ Society of Western Pennsylvania, 
William Penn Hotel 

Local Organization: Engineers’ Society of Western Pennsylvania 

Number of Members: 365 


EXECUTIVE COMMITTEE 


Louis ELLMAN 
W. N. FLANAGAN 
R. J. S. Pieorr 


L. E. Hanxison, Chairman 
K. F. Trescuow, Secretary-Treasurer 
R. B. AMBROSE 


PLAINFIELD 


Organized: 1921 

Territory: Plainfield and territory included between Elizabeth, 
Bound Brook, Metuchen, and Watchung, N. J. 

Place of Meeting: Elks Club, Elizabeth, Park Hotel, Plainfield 

Local Organization: Plainfield Engineers Club, Singer Engineering 
Society 

Number of Members: 217 


EXxxEcuTIvE COMMITTEE 


D. V. Waters, Secretary 
J. P. Faswr, Treasurer 


F. C. Spencnr, Chairman 
Ricwarp Karer, Vice-Chairman 
W. B. UppEGRAFF 


PROVIDENCE 


Organized: 1920 

Territory: Radius of thirty miles from Providence, R. I. 

Place of Meeting: Providence Engineering Society Building, 195 
Angell St., Providence, R. I. 

Local Organization: Providence Engineering Society 

Number of Members: 134 


ExeEcuTive CoMMITTEE 


A. C. Cuick, Chairman F. A. CHIFFELLE 
Z. R. Buss, Vice-Chairman C. F. Miniter 
vA. Witt1AM Meyer, Secretary-Treasurer S. A. VAULE 
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RALEIGH 


Organized: As a Branch, 1923; as a Section, 1927 

Territory: Radius of sixty miles from Raleigh, N. G3 

Place of Meeting: N. C. State College, Raleigh, N. C. 

Local Organization: N.C. Engineering Council, Raleigh Engineers 
Club 

Number of Members: 31 


EXECUTIVE COMMITTEE 


R. P. Kous, Chairman 
R. S. Wizaur, Vice-Chairman 
J. M. Fostsr, Acting Secretary-Treasurer 


ROCHESTER 


Organized: 1919 

Territory: Radius of thirty miles from Rochester, Nex -s 

Place of Meeting: Rochester Engineering Society Rooms, Sagamore 
Hotel 

Local Organization: Rochester Engineering Society, Sagamore Hotel 

Number of Members: 99 


EXECUTIVE COMMITTEE 


A. E. ScHEu, Chairman J. F. ANCONA 
W. D. Senter, Vice-Chairman K. C. Castun, Jr. 
I. G. McCuursney, Secretary-Treasurer C. C. Ross 


O. V. SPRAGUE 


ROCK RIVER VALLEY 


Organized: 1926 

Territory: Radius of thirty miles from Rockford, Ill. 
Local Organization: Rockford Engineering Society 
Number of Members: 43 


EXECUTIVE COMMITTEE 


A. C. MattTIson 
Rosert Von Rorz 


F. P. Grurzner, Chairman 
M. B. MacNsziuun, Vice-Chairman 
Herman Huctp, Secretary-Treasurer 


ST. JOSEPH VALLEY 


Organized: 1929 

Territory: Counties of La Porte, Starke, Pulaski, St. Joseph, 
Marshall, Fulton, Elkhart, and Kosciusko in Indiana, and 
Cass and Berrien Counties in Michigan 

Place of Meeting: Morningside Hotel, South Bend, Ind. 

Local Organization: St. Joseph Valley Engineers’ Club 

Number of Members: 35 


EXxEcuTive CoMMITTER 


C. R. Apams, Chairman C. C. Wiicox, Vice-Chairman 
K. W. Knorr, Secretary-Treasurer 


ST. LOUIS 


Organized: 1909 

Territory: Radius of thirty miles from St. Louis, Mo. 
Place of Meeting: Place varies 

Local Organization: Engineers’ Club of St. Louis 
Number of Members: 213 


EXECUTIVE COMMITTEE 


R. M. Boyuzs, Chairman E. W. Davis 
G. L. Suanxs, Vice-Chairman J. R. Jackson’ 
E. H. Sacur, Secretary-Treasurer F. W. Rasen 


SAN FRANCISCO 


Organized: 1910 

Territory: All territory north of the northern boundaries of th 
counties of San Luis Obispo, Kern, and San Bernardino 

Place of Meeting: Engineers’ Club, 206 Sansome St. 

nae: Meetings every Thursday at 12:15 Noon at the Enginee 
Clu 

Local Organization: San Francisco Engineers’ Club 

Number of Members: 337 


| 


) 


) 

Organized 

Territory: Radius of 125 miles from Savannah in Georgia 
y 
’ 
1 


EX&CUTIVE CoMMITTEER 


W. M. Moopy 

M. P. O’Brien 

H. J. Smita 

LAWRENCE WASHINGTON 


LANGILLE, Chairman 
Couutns, Vice-Chairman 
GeuEs cary Secretary-Treasurer 


aE 
. W. 
ik 
. R. Dow 


a1 DP es Fd fy 


SAVANNAH 
1923 


Savannah Hotel 
Engineers’ Council of Savannah Chamber of 


Place of Meeting: 
Local Organization: 
=) Commerce 


‘Number of Members: 15 
EXECUTIVE CoMMITTEE 
_ A. P. Ketsxer, Chairman W. H. ArtTupy 
Bruce Sams, Vice-Chairman D. E. Kexor 
T. R. Jongs, Secretary A. M. Ormond 
Frank Extey, Treasurer 
SCHENECTADY 
‘Organized: As a Branch, 1919; as a Section, 1927 
Territory: Radius of thirty miles from Schenectady, N. Y. 
Place of Meeting: Edison Club Hall 
‘JNumber of Members: 173 
_ Execurive Commirran 
oW. E. focas Chairman A. I, Liprerz 
J. E. AnpErson, Secretary A. J. NpRAD 
B.O se UCKLAND, Treasurer E. L. Roprnson 
SUSQUEHANNA 
Organized: 1927 


Territory: Counties of Cumberland, Dauphine, Lebanon, Adams, 
York, and Lancaster 

Place of Meeting: Engineering Society of York 

Local Organization: Engineering Society of York 

Number of Members: 67 


EXECUTIVE COMMITTER 


WALTER KNAPP 
R. M. SpENGLER 


Witu1amM Noyes, Chairman 
Jacos Fiscu, Vice-Chairman 
‘H. B. Martin, Secretary-Treasurer 


SYRACUSE 


Organized: 1920 

»Territory: Radius of thirty miles from Syracuse, N. Y. 

Place of Meeting: Ball Room of the Onondaga Hotel tS 

. Local Organization: The Technology Club of Syracuse 
‘Number of Members: 115 


EX£EcuTIVE CoMMITTER 


cH. B. Craice, Chairman K. H. Casxny 
‘S. T. Hart, Vice-Chairman D. W. DinrenDoRF 
A. G. ForsseLu 


iE. K. Ruopss, Secretary-Treasurer 
E. W. ZmmmMeRMAN 


TOLEDO 


Organized: 1920 

Territory: Radius of thirty miles from Toledo, Ohio 

'Place of Meeting: University Club, Toledo, Ohio 

‘Local Organization: Affiliated Technical Societies of Toledo 
“Number of Members: 58 


EXECUTIVE COMMITTEE 


/E. P. Raymonp, Chairman D. L. FertHam 

‘Henry Kerr, Vice-Chairman J. R. Moser 

_C. W. Kirscu, Secretary-Treasurer C. B. ScHAFER 

R. M. Batce D. M. Paumnr, Ex-Officio I. F. ZarnopsKy 
TRI-CITIES 

‘Organized: 1920 


‘Territory: Radius of thirty miles from Moline, Ill. 
‘Place of Meeting: Rock Island, IIl., Moline, Ill., and Davenport, 
Iowa 
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Luncheon Meeting every Wednesday, Davenport Hotel, 12:00 Noon 
Number of Members: 62 


“EXECUTIVE CoMMITTEE 


R. M. Barnes, Chairman J.M. Hoe 
G. T. Scoormaxesr, Vice-Chairman W. P. Hounr 
C. A. Carson, Secreiary-Treasur-er J. H. PLorun 


UTAH 
Organized: 1923 
Territory: State of Utah 
Place of Meeting: University Club, Salt Lake City 
Local Organization: Utah Society of Engineers 
Number of Members: 26 


EXECUTIVE COMMITTEE 


Juxiius BILLeTeRr 
H. D. Lanpgs 
F, W. McEntire 


E. W. Pacs, Chairman 
W. J. Corr, Vice-Chairman 
M. B. Hoaan, Secretary-Treasurer 


UTICA 
Organized: 1920 
Territory: Radius of thirty miles from Utica, N. Y. 
Local Organization: Mohawk Valley Technical Club 
Number of Members: 26 


EX&cUTIVE COMMITTEE 


E. G. Munson, Chairman Rex WITHERBEDR, Secretary-Treasurer 


W. J. CLEMENT 


VIRGINIA 
Organized: 1919 
Territory: State of Virginia 
Place of Meeting: Richmond, Norfolk, Charlottesville, Roanoke, 
University, Petersburg 
Number of Members: 126 


EXEcuTIvVE CoMMITTEE 


A. F. Macconocuis, Chairman A. F. Keane 

F. T. Morse, Secretary E. F. Kroner 

H. C. Husssz, Treasurer E. W. MILiter 

BE, GrosEcLosE J. B. Woopwarp E. J. F. W1Lson 
WASHINGTON, D.C. 

Organized: 1919 


Territory: District of Columbia 

Place of Meeting: Auditorium, Potomac Electric Power Co., 10th 
& E Sts., Washington, D. C. 

Number of Members: 162 


EX&cuTIVE COMMITTEE 


H. N. Eaton, Chairman 
M. E. Wescuter, Vice-Chairman 
J. F. Fox, Secretary-Treasurer 
M. X. WILBERDING 


J. G. ADAIR 
Tawson Pricu 
A. J. SCHWARTZ 


WATERBURY 


Organized: 1917, as a Branch of Connecticut Section; reorganized 
as a Section, 1923 

Territory: Litchfield County and a portion of New Haven County 

Place of Meeting: Waterbury Club 

Number of Members: 72 


EXEcuTIvVE COMMITTEB 


M. J. Dempsry, Chairman 8. G. Bran 
A. L. Davis, Vice-Chairman E. J. Daty 
R. L. Pauatine, Secretary-Treasurer J. H. Roserts 
WEST VIRGINIA 
Organized: 1925 
Territory: State of West Virginia 
Place of Meeting: Charleston, W. Va. 
Number of Members: 61 
ExeEcuTIve CoMMITTEE 
E. R. Hasicut 


E. L. Hupson, Chairman 
Fi ANDREW HILu 


F. Mauuoy, Secretary-Treasurer 
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WESTERN MASSACHUSETTS 
Organized: 1922 
Territory: Includes counties of Berkshire, Franklin, Hampden, and 
Hampshire 


Place of Meeting: Highland Hotel, Springfield, Mass. 
Local Organization: Engineering Society of Western Massachusetts 
Number of Members: 95 


EX&curiIvE COMMITTER 


P. W. BinwEL., Chairman C. E. Maynarp 

R. L. Boswortu, Vice-Chairman E. Lovey Smita 

L. G. Caruton, Secretary-Treasurer G. R. WHOLEAN 
WESTERN WASHINGTON 

Organized: 1919 


Territory: State of Washington west of the Columbia River with 
the exception of the territory included in the thirty-mile radius of 
Portland, Ore. 

Place of Meeting: Engineers’ Club, Arctic Bldg., Seattle, Wash. 

Local Organization: Seattle Engineers’ Club 

Number of Members: 77 


EXErcuTIvVE CoMMITTER 


F. B. Lez, Chairman C. P. Mann 
R. E. Jonnson, Vice-Chairman W. A. McKenzin 
R. L. Dyer, Secretary-Treasurer R. E. WALTER 


G. S. Winson 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


WORCESTER 


Organized: 1915 

Territory: Radius of thirty miles from Worcester, Mass. 
Place of Meeting: Rooms of the Worcester Engineering Society 
Local Organization: Worcester Engineering Society 

Number of Members: 138 


Executive CoMMITTER 


H. C. Kenvauu, Chairman RoperT ERICKSON 

S. N. McCasuin, Secretary-Treasurer V. C. Kine 

H. W. H. Bera T. L. F. Larsson 

A. W. BuackBuRN K. C. Monron 

E. H. Carrouu F. W. Roys 
YOUNGSTOWN 

Organized: 1928 


Territory: Counties of Trumbull, Mahoning, and Columbiana in 
Ohio, and Mercer and Lawrence in Pennsylvania 

Place of Meeting: Central Y. M. C. A., Youngstown, Ohio 

Number of Members: 67 


ExxrcutTive CoMMITTER 


E. M. Ricuarps, Chairman 

S. M. Apams, Secretary-Treasurer 
Gorpon ARMSTRONG 

E. E. KenpaLu 


CorNEL KMENTT 
M. H. MawHINNEY 
H. Oviesen 

F. R. ScHAEFEaR 

R. M. Smite 


Student Branches 


(Personnel of Standing Committee on Relations With Colleges, page 6. 


Communicate with Student Branch through Honorary Chairman) 


Year 

Name and Location Authorized Chairman Secretary Honorary Chairman 
Akron, Univ. of, Akron, Ohio 1924 Wini1AM LEAVENWORTH PavuL WAGNER F. S. Grirrin 
Alabama Polytechnic Inst., Auburn, Ala. 1920 F.R. Batu, Jr. D. O. Nicuo3s, JR. C. R. Hrxon 
Alabama, Univ. of, University, Ala.! 1931 L. E. Morrison HpRMAN SCHWABE J. M. GALLALEE 
Arkansas, Univ. of, Fayetteville, Ark. 1910 J. W. CartTInHOoUR R. H. Buoop R. G. Pappock 
Armour Inst. of Technology, Chicago, Ill. 1909 J. H. DeBoo F. J. Meyer DaNIEL RopscH 
Brooklyn, Polytechnic Inst. of, Brooklyn, N. Y. 1909 DonaLtp McCormick J. R. Buizarp Gpravo IMMEDIATO 
Brown Univ., Providence, R. I. 1923 R.S. SHaw R. F. Hopxrns J. A. Haun 
Bucknell Univ., Lewisburg, Pa. 1916 J. D. Morris G. F. ZIMMERMAN G. M. Kunxeu 
California Inst. of Technology, Pasadena, Calif. 1914 Auten Ray Rosert HALLANGER Howarp CLapp 
California, Univ. of, Berkeley, Calif. 1912 Cartes HaRBAND W. L. RopMan? N. F. Warp 
Carnegie Inst. of Technology, Pittsburgh, Pa. 1913 W. H. Starrorp WALTER APPLEGATE S. B. Evy 
Case School of Applied Science, Cleveland, Ohio 1913 R. A. Tasporsky R. M. SkipMorE E.S. Aur 
Catholic Univ of America, Washington, D. C. 1922 C.J. Dvorak R. J. Green M. E. Wrsco_er 
Cincinnati, Univ. of, Cincinnati, Ohio’ 1909 Grorcre GENTRY A. P,. McArtTHuR C. A. JopRGER 
Clarkson College of Technology, Potsdam, N. Y. 1930 S. O. CarPENTER E. I. Brickrr J. H. Dayis 
Clemson Agricultural College, Clemson College,S.C. 1921 H. A. PLrowprn J. B. Cox, Jr. B.E Frrnow 
Colorado Agricultural College, Fort Collins, Colo. 1914 Cart Ritrer JoHN SuDDUTH JosppH PINSKY 
Colorado, Univ. of, Boulder, Colo. 1914 W. T. Luckine W. B. Swan ._ G.S. Dossins 
Columbia Univ., New York, N. Y. 1909 WrtiLI1AM GroGHEGAN M. A. SHrrro J. R. Hicks 
Cooper Union, New York, N. Y. 1920 N. M. Sterano M. Yxrsow1Tz H. F. RomMMELE 
Cornell Univ., Ithaca, N. Y. 1908 H. A. Mason J.S. Lesvip F. O. ExppNwoop 
Delaware, Univ. of, Newark, Del. 1929 Eucmnr Manny D. W. SELBy W. Francis LINDELL 
Detroit, Univ. of, Detroit, Mich. 1930 W. B. OAKLEY Karp SANTTI H. E. Mayrosp 
Drexel Inst., Philadelphia, Pa. 1920 J. W. Reip A. E. Juram‘ Dawson DowELuL 
Florida, Univ. of, Gainesville, Fla. 1926 FRep Hows E. W. McKniaeur B. R. Van Lepr 
George Washington Univ., Washington, D. C. 1924 KE. J. THomas C. H. Swanson B. C. CrvuicksHANKS 
Georgia School of Technology, Atlanta, Ga. 1915 M.G. Keiser L. J. Drum N.C. Epaver 
Idaho, Univ. of, Moscow, Idaho 1925 H. E. Gauss 
Illinois, Univ. of, Urbana, IIl. 1909 W. A. JoHNsoN C. W. BrisSENDEN C. H. CasBera 
Iowa State College, Ames, lowa 1919 D. E. PrirzenMaInr W. J. SCHLAGEL N. P. Baitey 
Iowa, State Univ. of, lowa City, Iowa 1913 Wiiiiam Bussy D. E. Ne.son R. M. Barnes 
Johns Hopkins Univ., Baltimore, Md. 1917 T. H. MarsHauu J. R. Curtis, Jr. A. G. CuriIstTIB 
Kansas State Agricultural College, Manhattan, Kan. 1914 TT. G. Beoxwitru R. E. TorKELson A. J. Mack 
Kansas, Univ. of, Lawrence, Kan. 1909 D.C. Winiiams R. G. WARREN J. A. Kine 
Kentucky, Univ. of, Lexington, Ky. 1911 Sranrorp NBAL ELizABETH WARREN C. C. Jerr 
Lafayette College, Easton, Pa. 1919 G. L. Wituiams M. E. Ackmriuy C. M. Merrick, 3rp 
Lehigh Univ., Bethlehem, Pa. 1911 G. A. Dornin, Jr. R. M. Ercunor A. W. Lucr 
Lewis Inst., Chicago, II. 1933 CHARLES Mackin Davin REDMAN J.S. Kozacka 
Louisiana State Univ., Baton Rouge, La. 1916 I. J. KirkKMAn Luxp Hapnor HAMILTON JOHNSON 
Louisville, Univ. of, Louisville, Ky. 1928 V.E. Furnas, Jr. K. W. Scorr R. 8. Trosper 
Lowell Textile Inst., Lowell, Mass. 1921 HE. H. Farrspanks J. Raymonp Kaiser H. J. Bau 


1 Aeronautic Division, E. Bontracn, Chairman, J. Smoun, Secretary 


2 FrpperRick Woopwakb, Corresponding Secretary 
5 Section 2, Harry Pann, Chairman, R. J. Taompson, Secretary 
4 BayarpD Quinn, Corresponding Secretary 


‘ 
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Student Branches (continued) 


Year 
Name and Location Authorzed Chairman Secretary Honorary Chsirmsn 
Maine, Univ. of, Orono, Maine 1919 8S. T. Favoe R. L. Peesms, Jz. 1. H. Pescewan 
.. Marquette Univ., Milwaukee, Wis. 1923 J. W. Keuxeze ostrz Keorxs J. E. Sceo0zn 
) Massachusetts Inst. of Technology, Cambridge, 
Mass. 1909 P.P. Jo=xsToxr H. B. Kiwsar, Jawss Hour 
‘Michigan College of Mining and Technology, 

Houghton, Mich. 1930 H.C. Cosmm= R. J. Cosezovz H.W. Risrzey 
Michigan State College, East Lansing, Mich. 1917 Pauw DaKoxme H. G. Exess W. E. Reuse 
Michigan, Univ. of, Ann Arbor, Mich. 1914 J. F. Scr L.. ¥V. Cotwaia. O. W. Bostox 

Minnesota, Univ. of, Minneapolis, Minn. 1913 E. 3S. Hows=> M. L. O1son J. J. Ryaw 

), Mississippi State College, State College, Miss. 1926 W. W. D=xyrox, Jz S. L. Fosrze, Jz. O. D. M. Vaz~apo 

Missouri School of Mines and Metallurgy, Rolla, Mo. 1930 Gzozez Noipz Rupowrs Kxnow. R. O. Jacssos 

, Missouri, Univ. of, Columbia, Mo. 19098 B. Mozem Bare K. W. Mazze J. R. Weszrox 

- Montana State Colleze, Bozeman, Moni. 1920 Warnxe Loxt=scow G. B. Hr Eerc THEEREZELSEN 

Nebraska, Univ. of, Lincoln, Neb. 1908 H. E. Suvonxson E. R. Dexrze W. F. Wzizssp 

. Nevada, Univ. of, Reno, Nev. 1923 Laweexce Kesenzr Jawns CeawFroED FP. H. Sister 

- Newark College of Engineering, Newark, N. J. 1924 B. B. Reni A. B. Swzzr R. B. Ricz 

i New Hampshire, Univ. of, Durham, N. HB. 1926 Jos=== VaxnEehor-?r H. H. Waans T. J. Larox 

. New York, College of the City of, New York, N. ¥. 1922 Beexsen Msastow Miuzox Dozwoxnt Fespeetce Kvusrz 
New York Univ., New York, N. Y.* 1917 BasTsoLom=aw 

') Awvroxtom M. E. Muxoa. A. C. Coosnapr 

New York Univ., Evening Division, New York, 

a NY: 1933 E. A. Hozsze H.W. Kost A. C. Coonzap? 

North Carolina State College, Raleigh, N.C. 1929 J. L. Scmwess W. F. Moonr, Jz. L. L. Vauenax 

| North Carolina, Univ. of, Chapel Hill, N. C. 1929 CatpEne ATaTNsoN J.D. Marwazp Comm Canwiceas, 

_ North Dakota Agricultural College, Fargo, N. D. 1929 Eexesr Harz Cssntzs Msenmy R. M. Douvz 

- North Dakoia, Univ. of, Grand Forks, N. D. 1923 C. PF. MacKzsayw J. BH. Rexxweersox A. J. Drssorr 

Northeastern Univ., Boston, Mass. 1922 MC. Bexserr (Div. A) A. W. Dontzr (Div. A) J. W- Zouize (Divs. A 
a C. Vacszer (Div. B) R. L. Atzzs (Div. B) and B) 

‘Notre Dame, Univ. of, Noire Dame, Ind. 1929 Paun DovcsHze Louss Cz¥sran C. C. Wiico= 
Ohio Northern Univ., Ada, Ohio 1922 Svranner Sc#as2 Cesnrzs Bamzr J. A. Nu=pr 
Ohio State Univ., Columbus, Ohio 1911 4H. EL Atrsrsc= J. A. Lecas PF. W. Mazqus 
OKshoma A. & M. College, Stillwater, Okla. 1921 Lous Smere Saxrorp Keoz=ze R. E. Vexs 
Okishoma, Univ. of, Norman, Oba. 1917 A.C. Feaweton James Mrs H. VY. Bec& 
Oregon State Agricultural College, Corvallis, Ore. 19028 Ross Rosz=tTs R. H. Ensox J. G. cs 
Pennsylvania Siate College, Siate College, Pa. 1909 BR. Lez Howser. F. B. luge C. LL. Atias 
Pennsylvania, Univ. oi, Philadelphia, Pa. 1925 O. E. Jaxsson C. M. Horrxze W. A. Stoayn 
Pittsburgh, Univ. of, Pittsburgh, Pa. 1917 Josx=s Scaw=z= R. P. Hassz J. A. Dax 

Porto Rico, Univ. of, Mayaguez, P. BR. 1923 Rarart Powsnsps E. HB. Rox Lots Srarant 

- Pratt Inst., Brooklyn, N. Y. 1923 Jouw Haxsr E. C. San J. W. Husree 

Princeton Univ., Princeton, N. J. 1926 Tevoxe Wazxze, Jz. Roszer Cazzsuay L. FP. Ram 

- Purdue Univ., Laiayetie, Ind. 1908 J. HE. Pzasson P. FL Llaar FP. C. Hoczma 

_ Rensselaer Polytechnic Inst., Troy, N. Y. 1910 D. M. Ricxer W. W. Manvizz T. F. Free SAT 

| Rhode Island State College, Kingston, BR. L. 1930 Rarwoxp Prs=son Fars: Sarmxe C. D. Baaswrze 

Rice Inst., Houston, Tex. 1925 BR. H. Nowzyr B. B. Rawsy A. H. Boge 

‘Rose Polytechnic Inst., Terre Hauie, Ind. 1926 H.C. Gear 

> Ruigers Univ., New Brunswick, N. J. 1920 LL. A. Bextor Jace Seac=xze U. C. Horiasp 
‘Santa Clara, Univ. of, Santa Clara, Calif. 1995 J. W. Contzy E. E. Potows G. L. Sunzzvay 
“Southern California, Univ. of, Los Angeles, Cali. 1922 Ozem Beozz=c C. BH. Cotazzxs S. PF. Doexcan 

)| Southern Methodist Univ., Dallas, Tex. 1933 N. Biax==5sHie J. F. Scugxzweex R. RB. Siz 
“Stanford Univ., Stanford University, Calif. 1908 J. W. Curxz K. C. Bosc Lawezexce Wa4seINGTON 
Stevens Inst. of Technology, Hoboken, N. J. 1908 W.H. Morse: A. E. Bizexe R. PF. Dewwst 
‘Swarthmore College, Swarthmore, Pa. 1921 G. A. Bovzpznais 
iSyracuse Univ., Syracuse, N. Y. 1912 HB. Casiziz DocsyN H. FP. Howz A. RB, Acesson 
‘Tennessee, Univ. of, Knoxville, Tenn. 1923 B.S. Rosncson Vieex, Coxpeos FP. L. Wizz=ss0n 
"Texas, A. & M. College of, College Station, Tex. 1921 Kaz Warrz H.. M. Loxe J. A. Teat, 

"Texas Technological College, Lubbock, Tex. 1930 Tsuwan Gez=y lata Haepeeavz J. C. Hanpensvz 
Texas, Univ. of, Austin, Tex. 1921 Mazviw Waazeus E. H. Moss M. L. Buemway 
‘Toronto, Univ. of, Toronto, Ont., Can. 1933 L. P. Bazze M. Wiaize BR. W. Aseus 
‘Tufts College, Tufts College, Mass. 1917 Mazx Gormzcsz F. Roser. Hasire E. E. Lzavrrr 
*Tulane Univ. of Louisiana, New Orleans, La. 1933 J.T. Bsazsow D. W. B. Muzrer W. B. Gzzcozr 
1U. S. Naval Academy, Post Graduate School, 

: Annapolis, Md. 1925 P. J. Kivrre 
\Utah, Univ. of, Salt Lake City, Utah 1973 F.C. Atzxx T. R. Macesy M. B. Hoess 
‘Wanderbilt Univ., Nashville, Tenn. 1928 B. M. Barzze Fesxx Prrrwas J. E. Borwros 

‘Vermont, Univ. of, Burlington, Vi. 1922 Jj. M. Lassr W. H. Coxxoz E. L. Susspozrr 
‘Villanova College, Villanova, Pa. 1925 M.A Donxeizr G. O. Hazzszp J. S. Mozzsorsz 
‘Virginia Polytechnic Insi., Blacksburg, Va. 1915 A. N. Bonixe B. W. Biszor FP. F. Geoszciosz 
Wirginia, Univ. of, University, Va. 1923 C.T. Moxrcomzer R. C. Cazzic= F. T. Mogrsz 
Washington, State College of, Pullman, Wash. 1930 Dow Aprz Lous Ezz H. H. Lasepos 
‘Washington Univ., St Louis, Mo. 1911 Azworn Scesmaze L. Gzoss E. HL Ssczz 
Washington, Univ. of,Seatile, Wash. 1917 Ciazexce Gzzezz Szonto Saimwox R. H. G. Exwoxps 

| West Virginia, Univ. of, Morgantown, W. Va. 1922 J. ¥F. Muaas R. B. Cezzt «L. D. Harzs 

| Wisconsin, Univ. of, Madison, Wis. 1909 Hasoim Mirrzterazpr 9 Wroiisaw Mesnn B. G. Exsiorr 
)Worcester Polytechnic Inst., Worcester, Mass. 1914 E. J. Aszxpsce=y FP. M. Axcxvisz H.W. Dows 
Wyoming, Univ. of, Laramie, Wyo. 1925 Gaz Barz Expos Mzssxeswtrs BR. 3S. Sax 

Yale Univ., New Haven, Conn. 1910 J. F.G. Muize Nar Macsz«tz, Je. &. W. Devizy 


———— 


3 Aeronautic Division, Smpnxy Feuxpuan, Chairmen, levine Bratze, Secreiary 
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Special Research Committees 


(Personnel of Standing Committees, p. 6) 


LUBRICATION 


Appointed October, 1915, to investigate the fundamental problems of 
lubrication, to formulate results of investigations previously 
made, and to keep in touch with contemporary research 
in this field 


(The Committee is now being reorganized. In December, 1934, 
the Standing Committee on Research appointed a special committee 
to formulate a statement of the lubrication problem in its broad, 
present-day aspects and to recommend a program of research under 
the auspices of the A.S.M.E. The personnel of this special com- 
mittee is as follows: N. E. Funx, Chairman, D. B. Butuarp, M. D. 
Hwrsny, G. B. Kareuitz, A. L. Ktnaspury, and W. F. Paris#.) 


FLUID METERS 


Appointed 1916, to develop the theory of fluid meters of all kinds and to 
report on the best methods for their installation and use 


(Reorganized July, 1929) 


. J. 8. Picorr, Chairman Louis Gxss 
aR Carton, Secretary T. H. Kerr 
.S. BEAN W.S. ParpDor 


E. 8. Smits, Jr. 
R. E. SPRENKLE 
E. C. M. Stan 
T. R. WeymouTH 


. R. BEITLER 
. K, BLANCHARD 
G. D. ConLEE 
W. W. FrRYMOYER 


THERMAL PROPERTIES OF STEAM 


Appointed in December, 1921, to direct research on the thermal properties 
of water-vapor and steam from 0 C to the upper limits of 
temperature and pressure 


(Reorganized April, 1929) 


W. L. Assort, Vice-Chairman D. 8S. Jacospus 
G. L. BouRNE J. H. Keenan 
H. N. Davis F. G@. Kreyzs 

H. C. Dickinson L. S. Marks 
AuEx Dow G. A. ORROK 

A. M. GREENE, JR. R. J. S. Preorr 
R. C. H. Heck H. V. RasMussEN 


E. L. Roprnson 


STRENGTH OF GEAR TEETH 


Appointed in December, 1921. Is investigating factors affecting the 
strength and life of gear teeth 


R. E. Fuanpers, Chairman A. M. GREENE, JR. 


C. H. Locus, Secretary C. W. Ham 
C. G. BarTH F, E. McMvuLien 
EarLp BucKINGHAM E. W. Minier 


ERrniest WILDHABER 


CUTTING OF METALS 


Appointed in September, 1923. Is studying the problems of metal 
cutting, including tool materials, tool design, lubrication, 
cooling, and speeds and feeds 


COLEMAN SELLERS, 3RD, Chairman Kine HatHaway 


L. N. Guuicx, Secretary L. P. Atrorp 
A. L. DrLznuw C. J. OxForp 
R. D. Prosspr 


ELEVATOR SAFETIES 


Appointed June, 1924, as a subcommittee of the Sectional Committee on 
Safety Code for Elevators, to study the function and operation 
of elevator safeties and buffers and their associated 
mechanisms and to develop methods of test for 
the approval of elevator safety devices 


M. H. CuristorpHERSON, Chairman M. G. Luoyp 
O. P. Cummines, Vice-Chairman J.J. Matson 
J. A. Dickinson, Secretary M. B. McLauTHuin 
Bassetr JONES W.S. Pann 


D. L. Linpquist S. F. VoorHEEs 
S. W. Jongs 


‘ 
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MECHANICAL SPRINGS 


Appointed December, 1923, to determine the status of the mechanical- 
spring art, to promote and conduct necessary and adequate 
research, and to develop the art to the point of 
standardization 


J. R. Townsenp, Chairman A. N. Lukens 

C. T. Eperrton, Secretary D. J. McApam, Jr. 

C. E. BarBa R. E. Peterson 

W. G. BRoMBACHER J. B. Reynoups 

R. W. Coox J. W. RockEereuuEr, JR. 
W. T. DonxKIN B. W. St. Cuarr 
Rupren EKSERGIAN M. F. Sayre 

G. E. HANsEN Keita WILLIAMS 
BENJAMIN LIEBOVITZ J. Kayz Woop 


F, P. Zimmer. 
O. B. ZIMMERMAN 


Davin Lorts 
(R. D. Brizzouara, Alternate) 


EFFECT OF TEMPERATURE ON THE PROPERTIES OF 
METALS 


Appointed December, 1924, as a joint research committee of the A.S.T.M. 
and the A.S.M.E. to encourage the investigation and accumulation 
of data on the properties of metals used in the mechanic arts 
at extremely high and low temperatures 


H. J. Frencu, Chairman H. J. Kerr 

N. L. Mocuen, Secretary C. L. Kinney, Jr. 
A. D. Battny H. W. Maack 

R. A. But C. E. MacQuiee 
E. 8. Drxon J. A. MatHEews 
H. W. Giutett P. E. McKinney 
Louis JoRDAN E. L. Rozsinson 


A, E. WHITE 


BOILER FEEDWATER STUDIES 


Appointed March, 1925, as a Joint Research Committee of the American 
Boiler Manufacturers Association, American Railway Engineering 
Association, American Water Works Association, Edison 
Electric Institute, the American Society for Testing 
Materials, and the A.S.M.E., to study methods of 
analysis and treatment of boiler feedwater for 
stationary and railroad practice 


W. L. AsBorr C. R. Know es 

S. B. APPLEBAUM A. L. PENN™AN, JR. 
A. D. Battery E. B. PowrEtu 

A. G. CHRISTIE T. E. Purce.u 

H. C. Dincrer C. W. Rice 

D. K. Frence F. N. SpELLER 

R,. E. Haun Kurt TOENSFELDT 
J. A. Hotmgs A. E. WHITE 

C. F. HirsHFeitp J. D. Yoprr 


CONDENSER TUBES 


Appointed May, 1925, to investigate and report on the causes of failure 
of tubes used in steam condensers and similar heat interchange 
apparatus 


A. E. Wuitr, Chairman C. F. HirsHreip 


Bert Hovuceuton, Vice-Chairman H. W. Lurrca 
P. A. BANCEL E. F. Miuuer 
R. H. BARBER W. B. Pricer 


D. K. Crampron H. A. STapies 


H. M. CusHine W. R. WresSTER 

H. F. Eppy RoBerRT WORTHINGTON 

V. M. Frost REPRESENTATIVE OF BUREAU 
W. L. GREEN, JR. oF ENGINEERING, U. S. Navy 
C. F. Harwoop DEPARTMENT 


WORM GEARS 


Appointed May, 1927, to investigate certain problems im connection 
with the action of worm gear drives and to recommend 
improvements in their design, manufacture, and use 


Earp BuckIncHAM, Chairman A. A. Ross 


G. H. AckrnR B. F. WataRMAN 
L. R. BuckENDALE REPRESENTATIVE OF BUREAU 
W. H. Himes oF ENGINEERING, U. S. Navy 


D. L. Linpquist DEPARTMENT 


BOILER FURNACE REFRACTORIES 


Appointed June, 1925, to determine the principal factors governing the 
failure of refractories in various types of installations, to subject 
these factors to detailed erperimental analysis, to undertake 
the formulation of suitability tests and, if necessary, 
to attempt to develop a suitable refractory to 
meet the needs of severe service 


N. E. Lewis 
J. S. McDoweE.Lu 
(F. A. Harvey, Alternate) 


OW. A. Carter, Chairman 
. H. BarNuM 


. C. Booze S. J. McDowELu 
. H. FULWEILER Percy NICHOLLS 
3. B. Grapy S. M. PHEutps 
2. A. Hemnpi E. B. PowEiu 
'. F. HirsHre.tp R. A. SHERMAN 
2. P. Hoop R. B. SosMan 
R. K. Hursu L. J. TrostTen 


G. B. WILKES 


VELOCITY MEASUREMENT OF FLUID FLOW 


‘Appointed November, 1927, to sponsor the development of an absolute 
method for determining the velocity of the flow of fluids by 
means of the location of nodal points in wave systems 


Ww . F, Duranp, Chairman T. R. WeymovuTH 


MEASURES OF MANAGEMENT 


Appointed March, 1928, to attempt the reconciliation of certain economic 
) laws affecting production, to develop formulas for management, 
and to collect and report information on management research 


W."E. FREELAND, Chairman T. H. Brown 
MF. E. Raymonp, Secretary R. C. Davis 
J..H. BARBER G. E. HaGEMANN 


‘ABSORPTION OF RADIANT HEAT IN BOILER FURNACES 


Appointed April, 1928, to make a study of the absorption of radiant 
heat in boiler furnaces with the purpose of developing 
recommendations on improved furnace design 


E. L. Linpsreta# 
G. A. OrRoK 

R. J. 8. Prcorr 
JoHN VAN BRUNT 


W.*J. Wontensere, Chairman 
f=. G. Bartey 

2. M. Gates 

“3. W. Gorpdon 


STRENGTH OF VESSELS UNDER EXTERNAL PRESSURE 


Appointed June, 1929, to develop reliable design data on the strength 
: of cylindrical and spherical surfaces under external pressure, 
] particularly with reference to jacketed vessels 


W. D. Hauser, Chairman 
“A. J. Evy 

‘FP. V. Hartman 

T. McL. JasPer 

“A. W. Livont, Jr. 

ant RIGDON 


H. E. SAUNDERS 
E. E. SHANoR 
J. H. Taytor 
(F.S. G. Witurams, Alternate) 
D. B. WEsstrRoM 
D. F. WINDENBURG 


WIRE ROPE 


Authorized in October, 1928, to study the factors affecting the life of 
wire rope so that it may be better understood and more 
effectively wsed 


W.H. Futwerter, Chairman A. H. McDouGatu 


W. M. Bacer B. V. E. Norpsere, JR. 
1d. LeR. Brink W. S. Paine 

1), L. Linpauist W. J. Ryan 

3. W. Martin GrorGr SIMPSON 

1S. A. McCune L. E. Youne 

, HEAVY DUTY ANTI-FRICTION BEARINGS 


Appointed March, 1929, to investigate the possibilities and limitations 
of anti-friction bearings when applied to roll necks of rolling 


mills 
W. Trinxs, Chairman G. C. FarKELL 
a. E. BrunNER H. H. Tatzsor 
W. R. Crark S. M. WecksTEIn 


H. A. WINNE 
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REMOVAL OF ASH AS MOLTEN SLAG FROM 
POWDERED-COAL FURNACES 


Appointed March, 1929, to investigate the adding of fluxes as a means 
of tmereasing the fluidity of slag in boiler furnaces and thus 
permit its removal at operating furnace temperatures 


K. M. Irwin, Chairman 
ANDREW CARNEGIE 

T. G. CoGHLAN 

H. M. Cusuine 


C. F. HirsHFreLtp 
Percy NIcHOLLS 
E. B. PowEiu 
PB; Ricn 


AUTOMATIC OIL PIPE LINE PUMPING STATIONS 


Authorized March, 1930, to develop methods of automatic control for 
oil pipe line pumping stations 


VY. G. Hevrzer, Chairman J. M. McGregor 
M N. Hunter, Vice-Chairman J. B. McManon 
T. D. Wiuu1aMson, Secretary R. L. Mippieton 
W.S. Bavueu O. L. OLsEN 
W. C. Dreyer WILLIAM PARKERSON 
W. 4H. Exuiotr W. R. Reep 
J. B. Forp F. A. Stivers 
L. T. Griszs W. H. Sturnve 
F. A. GRAHAM Frrep THILENIUS 
C. F. Guinn J. B. THomas 
A. N. Horne F. E. WArRTERFIELD 


J. K. McGotprick Oscar WoLr 


PRIME MOVERS FOR ROTARY DRILLING OF OIL WELLS 


Appointed June, 1930, to investigate existing types of prime movers 
used for rotary drilling of oil wells as to their relative 
efficiencies, costs of operation, and general satisfaction 

D. L. Trax, Chairman W. H. Carson 

RayYMOND CARR R. R. Hawkins 

H. W. Maney 


CRITICAL PRESSURE STEAM BOILERS 


Appointed June, 1931, to study the characteristics of high-pressure 
forced-circulation steam-generating units 


A. A. Porrnr, Chairman A. M. Houser 
A. D, Battery H. J. Kerr 

E. G. Baitey G, A. OrRoK 

A. G. CHRISTIE H. L. Sotpere 
F. S. Cuark P. W. THompson 


SAMPLING PULVERIZED FUELIN A MOVING GAS STREAM 


Appointed November, 1932, to investigate the present methods of sam- 
pling pulverized fuel and to evolve a generally satisfactory method 
that may be adopted as a standard 


K. M. Irwin, Chairman J. C. Harpiee 

F, M. Grsson, Secretary H. J. Kuorz 

JOHN BuizARD Henry KREISINGER 
OLLISON CRAIG J. W. McKenzin 
M. D. Encie W.S. Morrison 

C. 8S. GLADDEN G. B. RanpaLu 

A. E. GruNERT R. C. Roz 

R. M. HarpGrRove E. H. Tenney 


COTTON SEED PROCESSING 


Appointed December, 1932, to study the mechanical problems involved 
in storing, conditioning, and cooking cotton seed meats 


W. R. Wootricu, Chairman W. D. Epwarps 
Homer BARNES C. E. GARNER 
E. L. CARPENTER B. J. Sams 


ASME. Representatives on Other Research Committees 
See also A.S.M.E. Representatives on Other Activities, page 29 
CORROSION COMMITTEE 
American Society of Refrigerating Engineers 
A. D. Litre 
HIGHWAY RESEARCH 


Advisory Board of National Research Council 
J. G. Bereaquist 
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NON-FERROUS METALS AND ALLOYS 


Advisory to the National Bureau of Standards’ Committee 
C. H. Brsrpaum 


PROPERTIES OF REFRACTORY MATERIALS 


Advisory to the National Bureau of Standards’ Committees 
E. B. PowEeitu 


NATIONAL COMMITTEE ON WOOD UTILIZATION 


Department of Commerce, National Bureau of Standards 
A. E. Hatt 


FATIGUE PHENOMENA OF METALS 


American Society for Testing Materials 
W. R. WEBSTER 


Standardization Technical Committees 


(Personnel of Standing Committee, p. 6) 


SHAFTING 
*Sole sponsorship. Organized October, 1918 
A.S.M.E. Members (Total personnel, 17) 
1C. M. Cuapman, Chairman H.C. E. Mryer 


TA. A. ADLER L. C. Morrow 

tA. H. Bryer C. W. Spicer 

tJ. E. BusHNELL 7G. N. VANDERHOEF 
E. E. Greve TL. W. WItiraMs 


BALL AND ROLLER BEARINGS 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized December, 1920 


A.S.M.E. Members (Total personnel, 18) 


TW. P. Kennepy, Vice-Chairman F. G. Hueues 
7G. R. Borr 7G. E. Huss 

H. E. BRUNNER TW. L. Ivirr 

F. H. BuHLMANN L. F. NENNINGER 
L. A. Cummines TA. E. Norton 


GEARS 


*Joint sponsorship with the American Gear Manufacturers Association. 
Sectional Committee organized June, 1921 


A.S.M.E. Members (Total personnel, 33) 


D. T. Hamiitton 
ytAucust HorrMaNn 

O. A. LEUTWILER 

G. L. MarKuanp, JR. 

H. E. VEuHSLAGE 


B. F. WATERMAN, Chairman 
jEarLe Buckineuam, Vice-Chairman 
kG. H. Ackpr 

L. H. Fry 
_C. B. Hamitron 


BOLT, NUT, AND RIVET PROPORTIONS 


*Joint sponsorship with the Society of Automotive Engineers. 
Sectional Committee organized March, 1922 
A.S.M.E. Members (Total personnel, 52) 


H. P. FreaR 
HERMAN KoOESTER 
S. F. NrwMan 


tA. E. Norton, Chairman 
F. C. Brnuines 
B. G. BraIne 


(D. L. Bratne, Alternate) E. W. ReEep 
tJ. H. Buckiey TF. O. Wetts 
ELuwoop BurpsaLu R. J. WHELAN 
G S. CasE E. M. WuittInc 
T. G. CrRawForpD V. R. WitLovcHBy 
M H. Fuynn (J. J. McBripg, Alternate) 
O. B. ZIMMERMAN 

* Note: All of the Standards Committees for which the Society 


is Sponsor, Joint Sponsor, or on which it has representation are 
organized under the procedure of the American Standards Associa- 
tion. 

7 Official A.S.M.E. representatives serving on this committee. 


yt 
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PIPE FLANGES AND FITTINGS 


*Joint sponsorship with the Heating, Piping, and Air Conditioning 
Contractors National Association and the Manufacturers 
Standardization Society of the Valve and Fittings 
Industry. Sectional Committee organized 
October, 1921 


A.S.M.E. Members (Total personnel, 53) 


tC. P. Buss, Chairman M. B. MacNeinin 
J. J. Harman, Secretary F. H. Moreneap 
W. R. Conarp TE. L. Moretanp 
Sasrin CrockER TW. S. Morrison 


FERDINAND FINK L. S. Morse 

H. E. Haier C. W. Mowry 

J.S. Hess (A. L. Brown, Alternate) 
TN. S. Hitt, Jr. A. L. PENNIMAN, JR. 
Francis HopGKINSON WALTER SAMANS 
7H. A. Horrer 1C. W. StarHEN 

A. M. Houser tJ. R. TANNER 

D. 8. Jacosus J. H. Taytor 

L. H. Jenks H. L. UNDERHILL 
W. R. KREMER G. W. Watts 

JOHN KNICKERBACKER J. AH. WiniramMs 

C. R. Know iss J. H. Zw 


SCHEME FOR IDENTIFICATION OF PIPING SYSTEMS 


*Joint sponsorship with the National Safety Council. 
Sectional Committee organized June, 1922 


A.S.M.E. Members (Total personnel, 30) 


W. L. BunKER TR. S. Peck 
CrosBy FIELD A. L. PENNIMAN, JR. 
WItuis LAWRENCE G. E. SANFORD 
TW. S. Morrison H. S. Smrra 
F 


A. K. OnMES . N. SPELLER 


SMALL TOOLS AND MACHINE TOOL ELEMENTS 


*Joint sponsorship with the National Machine Tool Builders Association 
and the Society of Automotive Engineers. Sectional Committee 
organized September, 1922 


A.S.M.E. Members (Total personnel, 26) 


C. W. Spicer, Chairman 7H. E. Harris 

F. O. HoaGuanp, Vice-Chairman J. E. Lovety 

F. S. BLacKALL, JR. 7Smon MacKay 
E. J. BRYANT TW. C. MuELLER 
Earte BuckINGHAM fE. R. Norris _ 
TF. H. Convin ERtk OBERG 

K. H. Conpir C. J. OxrorD 

S. A. Erystern D. M. PatMEeR 


TECHNICAL CoMMITTER No. 1 on T-Stots 


A.S.M.E. Members (Total personnel, 11) 


S. A. ErnsteIn 
R. T. HazeEvton 
F. O. Hoaguanp 
E. R. Norris 


Erik OgerG, Chairman 
E. P. BurRRELL 

Harry CADWALLADER, JR. 
HerRMAN CASLER 


TECHNICAL CoMMITTEE No. 2 on Toot Houtprers anp Toon Post 
OPENINGS 
A.S.M.E, Members (Total personnel, 13) 


P. M. MuELLER 
R. R. Weppetu 


E. P. BURRELL 
J. D. Karis 


TrcHnicaL CoMMITTEE No. 3 oN MAcHINE TAPERS 


A.S.M.E. Members (Total personnel, 21) 


F. S. BLacKaLu, Jr., Chairman H. E. Harris 

E. J. BRYANT F. O. HOAGLAND 
EarLE BucKINGHAM J. H. Hortcan 
B. P. Graves A. H, Lyon 

F. H. Cotvin L. F. Nunes 
J. B. Dituarp C. W. Spicer 


F. W. Stern 
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TECHNICAL ComMMITTEE No. 4 on SPINDLE NosEs AND 
Cotiets For MacuiIne Toots 


A.S.M.E. Members (Total personnel, 26) 


J. E. Lovery, Chairman A. H. Lyon 

8. P. GRAVES J. H. MansFipip 

@. O. HoaauanD L. F. NENNINGER 

A. M. JoHNson H. W. Rupert 

™_. E. Lanes L. D. Sppncn 
TECHNICAL CommMITTen No. 5 on MiLuIne CuTTEeRs 

4 A.S.M.E. Members (Total personnel, 21) 

“A. N. Gopparp E. K. Morean 

v. H. Hortean Erik OBERG 

G. L. Marxuanp, Jr. C. J. OxForpD 


E. D, Vancin 


TECHNICAL COMMITTEE No. 6 ON DESIGNATIONS AND WORKING 
Raneces or MAcHINE TOoLs 


A.S.M.E. Members (Total personnel, 22) 


1K. H.”Convir, Chairman J. J. McBripp 
‘Bante BucKINGHAM CHARLES SCHENCK 
T. H. Doan E. R. Smite 

W. E. WuHippe 


'B. P. Graves 


TECHNICAL ComMITTEE No. 7 on Twist Driwu Sizes 
A.S.M.E. Members (Total personnel, 9) 


D. R. ALDEN, Secretary W. C. MuELLER 
J. H. Hortaan C. J. OxForpD 
TECHNICAL ComMITTEE No. 8 on Driti BusHINGs 
A.S.M.E. Members (Total personnel, 9) 
‘Cc. R. AuprEn, Secretary W. C. MuELLER 
J. H. HortGan C. J. OxForD 


H. E. Weis 


TECHNICAL CommiITTEE No. 9 on PuncH Press Toots 
A.S.M.E. Members (Total personnel, 17) 


1D. M. Patmer, Chairman N. W. Dorman 

1D. H. CuHason H. E. Harris 

4, J. CUMMINGS W. C. MuELLER 
H. E. WEtts 


TECHNICAL ComMITTEE No. 10 on CircuLar ForMING 
Toous AND HoupERs 
A.S.M.E. Members (Total personnel, 9) 


W. C. Muxziier 
1D. H. Monrcomery 


| 
L. D. SpENcE 
H. E. WEtis 
TrEcHNICAL CommMITTEE No. 11 on Coucks AND CHUCK JAWS 


A.S.M.E. Member (Total personnel, 9) 


ee J. E. Lovey, Chairman 


TrcHniIcaL CoMmMITTEE No. 12 on Cut AND GROUND THREAD TAPS 


A.S.M.E. Member (Total personnel, 7) 
W. C. MuELLeR 


TECHNICAL ComMMITTEE No. 13 on SPLINES AND SPLINED SHAFTS 


A.S.M.E. Members (Total personnel, 11) 


R. E. W. Harrison 
F. O. HoaGuanD 


‘Oo. W. Spicer, Chairman 
W. F. Gropne 
B. F. WATERMAN 


TECHNICAL CommiTTExE No. 14 on Exvectric WeLpine Diss 
AND ELEecTRODE HoLpERs 
A.S.M.E. Members (Total personnel, 12) 


‘Lewis Finn N. McD. Lonny 


TECHNICAL CoMMITTER No. 15 on Mruitinc Macuinn TaBLes 


A.S.M.E. Members (Total personnel, 6) 
L. F. NENNINGER 


B. P. GrRAvES 
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TrcHNICcAL Committrexr No. 16 on Rotatina Toon SHANKS 
A.S.M.E. Members (Total personnel, 19) 


E. J. Bryant, Chairman E. W. Hown 
J. H. Hortean, Secretary W. C. Mux.ier 
J. B. Dinuarp C. J. OxFrorD 


H. E. WEtts 


TECHNICAL CoMMITTEE No. 17 on NOMENCLATURE 
A.S.M.E. Members (Total personnel, 15) 


H. E. Harris, Chairman F, S. BLacKatu, JR. 
O. W. Boston, Secretary F. H. Cotvin 
F. O. HoaGuanp 
Ex-Officio Members 
C. R. ALDEN C. J. OxForD 
B. P. Graves C. W. Spicur 
A. N. Gopparp H. E. WEtts 


TECHNICAL CoMMITTEER No. 18 on Mutripie SPINDLE 
Drituine HEaps 


A.S.M.E. Member (Total personnel, 10) 
H. E. Wetts 


TrcunicaL CommitTen No. 19 on Sineie Point Curtine Toons 
A.S.M.E. Members (Total personnel, 2) 


F. H. Cotyin, Chairman O. W. Boston 


SCIENTIFIC AND ENGINEERING SYMBOLS AND 
ABBREVIATIONS 


*Joint sponsorship with the A.S.C.E., AI.E.E., A.A.A.S.,andS8.P.E.E. 
Sectional Committee organized January, 1926 


A.S.M.E. Members (Total personnel, 33) 


S. A. Moss, Vice-Chairman K. H. Conpir 
R. M. ANDERSON TH. N. Davis 
(E. P. Warner, Alternate) T(R. J. S. Preorr, Alternate) 


G. W. Lewis 


PLAIN AND LOCK WASHERS 


*Joint sponsorship with the Society of Automotive Engineers. Sec- 
tional Committee organized March, 1926 
A.S.M.E. Members (Total personnel, 37) 
7S. G. Barts J. J. McBrivg 
EUGENE CALDWELL H. C. E. Mrypr 
T. G. CRAWFORD E. H. WarInea 
7B. S. Lzewis E. M. WuitTine 
C. H. Loutreu O. B. ZIMMERMAN 
MACHINE PINS 
*Joint sponsorship with the Society of Automotive Engineers, Sece 


tional Committee organized March, 1926 


A.S.M.E. Members (Total personnel, 18) 


J. J. McBripp 
H. C. E. Mnyrer 


7M. EB. Sreczynsk1, Chairman 
tE. J. Bryant 
O. B. ZIMMERMAN 


DRAWINGS AND DRAFTING ROOM PRACTICE 


*Joint sponsorship with the Society for Promotion of Engineering 
Education. Sectional Committee organized July, 1926 


A.S.M.E. Members (Total personnel, 52) 


F, DeR. Furman, Chairman 
C. W. Keurre., Secretary 
Doveias BAKER 

C. E. Cooriipen 


{SamunL KetcHum 
F. R. LANEY 

H. B. LANGILLE 
W. L. McIntosH 


T. G. CRAWFORD F. W. Mine 
H. C. FLeTcHER E. B. Nein 

T. E. Frenco jJ. K. Otsen 
A. C. HARPER J. W. OwENS 
A. M. Houser F. C. PANUSKA 


ALFRED IDDLES Caru RossMASSLER 


jE. S. Smits, Jr. 
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CODE FOR PRESSURE PIPING 
*Sole sponsorship. Sectional Committee organized March, 1926 
A.S.M.E. Members (Total personnel, 72) 


E. B. Ricketts, Chairman 
G. 8S. Corrin 
H 
iS) 


(J. A. WauKnr, Alternate) 


H. D. Epwarps 
C. A. Eis 
CHARLES FITZGERALD 
O. S. HAGERMAN 
H. E. Hauer 
(G. J. Stuart, Alternate) 
J. J. HARMAN 
J.S. Haves 
(E. B. Snvers, Alternate) 
J. 8. Huss 
H. A. Horrer 
G. G. Hotiins 
TA. M. Housrr 
ALFRED IpDLES 
J. H. LAwRENCE 
M. B. MacNeILitp 
G. W. Martin 
H. C. E. Mpyzr 


J. W. Moors 
F. H. MornHrap 
H. H. Morean 
W.S. Morrison 
A. W. Moutprr 
Frep NoLpE 
E. W. Norris 
G. A. OrRoK 
A. L. PENNIMAN, JR. 
. S. Ropinson 
. W. SAATHOFF 
. K. SAURWEIN 
. 8S. Smrra 

(H. H. Moss, Alternate) 
SPELLER 
SPENCER 
Lue 
Vv 
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GRAPHIC PRESENTATION 
*Sole sponsorship. Sectional Committee organized November, 1926 
A.S.M.E. Members (Total personnel, 38) 


{G. E. Hagemann, Secretary 
M. F, Breaar 

C. N. BrignLtow 

WALLACE CLARK 


H. G. Crocxetr 
E. F. DuBrouu 
T. E. Frenca 
TD. B. Portsr 


TRANSMISSION CHAINS AND SPROCKETS 


*Joint sponsorship with the Society of Automotive Engineers and the 


American Gear Manufacturers Association. 


Sectional 


Committee organized December, 1926 
A.S.M.E. Members (Total personnel, 16) 


+F. V. Hetrzet, Chairman 
7G. M. Barrier, Secretary 
W. J. BeLcHER 
JOSEPH Joy 


TL. V. Lupy 
tE. B. NicHois 
F. L. Mors 
G. A. Youne 


O. B. ZimMERMAN 


WIRE AND SHEET METAL GAGES 


*Joint sponsorship with the Society of Automotive Engineers. 


Sectional 


Committee organized November, 1927 
A.S.M.E. Members (Total personnel, 28) 


J. F. Hows 


{E. E. Rosn 


PIPE THREADS 


*Joint sponsorship with the American Gas Association. Sectional 
Committee reorganized December, 1927. In August, 1908, the 
A.G.A. and the A.S.M.E. appointed a Joint Committee 
on this subject which was reorganized as a Sectional 
Committee under the procedure of the A.S.A. in 
the spring of 1919 


A.S.M.E. Members (Total personnel, 43) 


Buioop 


Slat 

wt 

als BRYANT 
Ae 

Aer 

J 


Pas DS bes bef b> 


H. JAREcKI 


J. O. JoHNSON 
W. R. Kremer 


N. SHANNON 


Ww 
s 
E. 8. SANDERSON 
L. 
W. D. Sizer 


J. H. Wituiams 
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ELECTRIC MOTOR FRAME DIMENSIONS 


* Joint sponsorship with the National Electrical Manufacturers 
Association. Sectional Committee organized November, 1927 


A.S.M.E. Members (Total personnel, 31) 


TW. F. Drxon, Chairman W. F. Jonzs 

C. A. ADAMS A. L. McHuexu 
S. A. ErnsTnin P. G. Ruoaps 
E. W. Ety tA. G. TrumpBoii 
F. S. Eneiisu TE. H. Warine 


WROUGHT IRON AND WROUGHT STEEL PIPE AND 
TUBING 


*Joint sponsorship with the American Society for Testing Materials. 
Sectional Committee organized April, 1928 


A.S.M.E. Members (Total personnel, 39) 


H. H. Morean, Chairman C. W. Mowry 

Sanin Crocker, Secretary tH. B. Oariey 

J. B. ASTON A. L. PENNIMAN, JR. 

i M. Houssr (A. B. Moraan, Alternate) 


D. S. JAcosus F. N. SpELLER 
(F. 8. CuarKk, Alternate) J. R. TANNER 
W. R. Kremer A. E. Waite 


H. LeR. WuitNEy | 
G. H. Wooprorre 


H. C. E. Mryrr 
F. H. Morexnap 


SPEEDS OF MACHINERY 
*Sole sponsorship. Sectional Committee organized May, 1928 
A.S.M.E. Members (Total personnel, 29) 


tC. M. Bieztow W. F. Jones 
R. C. DEatp H. C. E. Mayer 
Pau DiIsERENS Joun Rerp 
F. S. Eneuisa P. G. Rxuoaps . 
A. E. Hatt F. C. SpENcER 


D. C. Jackson O. B. ZIMMERMAN 


SCREW THREADS FOR HOSE COUPLINGS 


*Sole sponsorship. Sectional Committee organized August, 1928 
A.S.M.E. Members (Total personnel, 24) 


A. L. Brown, Secretary 
jA. F. BreirensTein 
W. L. Curtiss 

TW. E. Dunnam 


J. J. HARMAN 
(F. C. Ernst, Alternate) 
A. M. Housrr 
H. C. E. Mryrer 
J. H. Wiii1ams 


PLUMBING EQUIPMENT 
*Joint sponsorship with the American Society of Sanitary Engineering. 
Sectional Committee organized August, 1928 
A.S.M.E. Members (Total personnel, 30) 


G. W. Martin 
(A. H. Moraan, Alternate) 
TW. R. Wazster 


tL. A. CornELivs 
J. J. Crorry 
O. E. GotpscHMIDT 


ROLLED THREADS FOR SCREW SHELLS OF ELECTRIC 
SOCKETS AND LAMP BASES 


*Joint sponsorship with the National Electrical Manufacturers 
Association. Sectional Committee organized March, 1929 
A.S.M.E. Members (Total personnel, 18) 


tE. J. Bryant {tEarie BuckincHaM 
TE. S. SANDERSON 


STOCK SIZES, SHAPES, AND LENGTHS FOR HOT AND 
COLD FINISHED IRON AND STEEL BARS 


*Sole sponsorship. Sectional Committee organized April, 1929 
A.S.M.E. Members (Total personnel, 24) 


TL. W. Witi1Ams 
G. H. Wooprorrs 
O. B. ZImMERMAN 


SOCIETY RECORDS 


STANDARDIZATION AND UNIFICATION OF SCREW 
THREADS 


‘Joint sponsorship with the Society of Automotive Engineers. Sectional 
Committee originally organized in June, 1921. Reorganized in 
) February, 1928 


A.S.M.E. Members (Total personnel, 37) 


T. G. CRAWFORD 
tA. M. Houser 
(R. E. Perry, Alternate) 


’R. E. Fuanpmrs, Chairman 
F. O. WeEt3s, Vice-Chairman 
Earie BuckincuHam, Secretary 


‘H. E. Bircrr H. C. E. Mnyur 
E. J. Bryant TP. V. Miter 
"G. S. Case O. B.: ZiImMERMAN 


PRESSURE AND VACUUM GAGES 


*Sole sponsorship. Sectional Committee organized July, 1930 
| A.S.M.E. Members (Total personnel, 45) 


-M. D. Enetz, Chairman R. J. Keay 

(A. B. Moraan, Alternate) tJ. C. McCunr 
A. W. Lenpprots, Secretary A. H. Moraan 
E. J. Bryant tS. A. Moss 
wJ. P. CAVANAUGH H. B. Reynoips 
Paut DIsERENS C. Z. RosENCRANS 
W. F. Jongs W. C. ScHOENFELDT 


‘ALLOWANCES AND TOLERANCES FOR CYLINDRICAL 
PARTS AND LIMIT GAGES 


Sole sponsorship. Sectional Committee originally organized in June, 
1920. Reorganized in September, 1930 
A.S.M.E. Members (Total personnel, 44) 


F. E. Banrretp F. O. HoaGuanp 


(E. E. Buaxn, Alternate) N. E. Jacosi 
IF. S. Buackatt, Jr. H. C. E. Mryrr 
‘H, E. BRuNNER P. V. MILtueR 
(WituiaM JeTTER, Alternate) W. C. MurLueR 
E. J. Bryant {E. C. Peck 
‘EARLE BUCKINGHAM W. C. SCHOENFELDT 
. H. Corvin F. W. Stern 
IR. E. W. Harrison C, C. STEVENS 


O. B. ZIimMERMAN 


FOUNDRY EQUIPMENT AND SUPPLIES 


*Joint sponsorship with the American Foundrymen’s Association. 
Sectional Committee organized February, 1931 


A.S.M.E. Members (Total personnel, 23) 


G. F. Jenxs 
A. S. PHEups 
TH. P. Van Cinvn 
O. B. ZimMERMAN 


| 
! 
} 


_. 8. Carman, Chairman 
. W. Evy 
. W. HarEnDEEN 
 (F. B. Howsx11, Alternate) 
ae 


} 
SPECIFICATIONS FOR LEATHER BELTING 


*Sole sponsorship. Sectional Committee organized February, 1931 
A.S.M.E. Members (Total personnel, 24) 


Freep Notpp 

J. E. Reoaps 

C. A. ScHInREN 
{C. O. SrrEETER 


)2. W. CHANDLER 
M4. T. Coatss 
DR. W. Drake 
Kine HatHaway 
O. B. ZIMMERMAN 
" 


NIFICATION OF RULES FOR THE DIMENSIONING OF 
FURNACES FOR BURNING SOLID FUEL 


*Sole sponsorship. Sectional Committee organized June, 1933 


A.S.M.E. Members (Total personnel, 22) 


T. A. MarsH 

W. L. Martwick 
J. F. McIntrrp 
{Joun Van Brunt 


_, E. Bronson, Temporary Chairman 
'. G. Curisty 

»HN HUNTER 

‘7. G. Leacu 
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CLASSIFICATION AND DESIGNATION OF SURFACE 
QUALITIES 


*Joint sponsorship with the Society of Automotive Engineers. Sectional 
Committee organized May, 1982 

A.S.M.E. Members (Total personnel, 56) 
C. G. Merrier, Temporary Chairman F, V. HARTMAN 
JoHN CETRULE F. O. Hoagnuanp 
J. S. CHArEEn RAR a 
T. G. Crawrorp JBoss Dead SG 
{R. C. Duan A. H. Lyo 
U.S. Esprruarpr M. J. Ree 
S. A. Ernsrpin F. C. SPENCER 
R. F. Gaae C. C. STEVENS 
J. J. HARMAN J.S. Tawresry 
{R. E. W. Harrison C. H. WurraKnr 


AS ME. Representatives on Miscellaneous 
Standardization Committees 


See also A.S.M.E, Representatitves on Other Activities, page 29 
SPECIFICATIONS FOR CAST IRON PIPE 


*Sponsor bodies: American Gas Association, American Society for 
Testing Materials, American Water Works Association, and 
New England Water Works Association 


G. W. Biees J. E. Grsson 


CLASSIFICATION OF COAL 
* Sponsor body: American Society for Testing Materials 
F, R. WapDLEIGH 


DRAINAGE OF COAL MINES 
American Mining Congress 
O. M. Pruitt 


*Sponsor body: 


M. J. Live 
W. M. Waite 


FIRE TESTS OF BUILDING CONSTRUCTION AND 
MATERIALS 


*Sponsor bodies: A.S.A. Fire Protection Group, National Bureau of 
Standards, and the American Society for Testing Materials 


E. C. Rack 


MANHOLE FRAMES AND COVERS 


A.S.A. Telephone Group and American Society of 
Civil Engineers 


*Sponsor bodies: 


AnTON HANSEN Homer RuparD 


SPECIFICATIONS FOR AND RECOMMENDED PRACTICE 
IN THE USE OF WIRE ROPE FOR MINES 
*Sponsor body: American Mining Congress 


J. L. HARRINGTON 


ROTATING ELECTRICAL MACHINERY 


*Sponsor bodies: American Institute of Electrical Engineers and the 
National Electrical Manufacturers Association 


H. R. Spweut (C. A. Boots, Alternate) 


SPECIFICATIONS FOR FUEL OILS 
*Sponsor body: The American Society for Testing Material 


W. 4H. Burier L. H. Morrison 
Hartp Cooxkn Lr SCHNEITTER 
H. W. Dow Dernistoun Woop 


ELECTRIC WELDING 


*Sponsor bodies: American Institute of Electrical Engineers and the 
National Electrical Manufacturers Association 


N. McD. Lonry 
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SPECIFICATIONS FOR SIEVES FOR TESTING 
PURPOSES 


*Sponsor bodies: American Society for Testing Materials and National 
Bureau of Standards 


D. McM. BuackBuRN 


METHODS OF RATING RIVERS 
*Sponsor body: U.S. Geological Survey 
D. W. Mpap 


METHODS OF TESTING WOOD 


U. S. Forest Service and the American Society for 
Testing Materials 


C. M. BigELow 


*Sponsor body: 


METHODS OF TESTING PETROLEUM PRODUCTS AND 
LUBRICANTS 


American Society for Testing Materials 
A. E. FLOWERS 


* Sponsor body: 


MISCELLANEOUS OUTSIDE COAL-HANDLING 
EQUIPMENT 
*Sponsor body: American Mining Congress 


J. H. Stratton 


SPECIFICATIONS FOR MATERIALS FOR USE IN 
MANUFACTURE OF SPECIAL TRACKWORK 


American Transit Association 


W. R. HuLpert 


* Sponsor body: 


ELECTRICAL DEFINITIONS 
American Institute of Electrical Engineers 
J. V. B. Durer 


*Sponsor body: 
C. H. Brrry 


ACOUSTICAL MEASUREMENTS AND TERMINOLOGY 
*Sponsor body: 


E. E. Free 

(P. H. Brruuser, Alternate) 
R. V. Parsons 

(J. S. Parkinson, Alternate) 
W. B. WHITE 

(H. 8S. Reap, Alternate) 


Acoustical Society of America 


SPECIFICATIONS FOR CLEAN BITUMINOUS COAL 


*Sponsor body: American Institute of Mining and Metallurgical 
Engineers 


R. A. SaprMan (E. L. Linpsntsa, Alternate) 


PREFERRED NUMBERS 
*Special Committee of A.S.A. 
K. H. Conpir 


FOREST FIRE PROTECTION 
Committee of National Fire Protection Association 
E. H. Davis 


BUILDING CODE COMMITTEE 
Advisory Committee of Department of Commerce 


THORNTON LEwIs 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


SPECIFICATIONS FOR TOOL STEEL 
Subcommittee No. XIV of A.S.T.M. Committee Al on Steel 
O. W. Boston C. M. Inman 


PETROLEUM SPECIFICATIONS 
Advisory Board of U. S. Bureau of Mines 


H. A. S. Howarts 


. 


Power Test Codes Technical Committees 


(Personnel of Standing Committee, p. 6) 
(1) GENERAL INSTRUCTIONS 


Appointed December, 1918 


W. H. Kavanaues, Chairman C. F. HirsHFeLp 
A. M. GREENE, JR. M. C. Stuart 


(2) DEFINITIONS AND VALUES 
Appointed December, 1918 


F. R. Low L. 8S. Marks 

A. C. Woop 

(3) FUELS 

Appointed December, 1918 

W. J. WoHLENBERG, Chairman F,. G. PxHito 
E. G. Bamey G. S. Popr 
B. L. Boyz C. R. RicHarps 
L. P. BREcKENRIDGE E. B. Ricketts 
H. W. Brooxs F. M. Rocrers 
S. B. Fiaae E. X. Scumipt 
D. M. Myers NicHouas STAHL 


E. N. Trump 


(4) STATIONARY STEAM-GENERATING UNITS 
Appointed December, 1918 


E. R. Fisu, Chairman E. B. PowEuu 
A. D. BatLey E. B. Rickrrts 
ALFRED IDDLES C. U. Savor 


(5) RECIPROCATING STEAM ENGINES 
Appointed December, 1918 


A. G. Curistin, Chairman J. A. HunTER 
Hartr Cookn H. G. MuELuer 
K. S. M. Davipson B. V. E. NorDBERG 
HerMan DiepERIcHs J. F. M. Patirz 
Henrik GREGER A. V. SAHAROFF 
TxHomMaAs Hau A. G. WITTING 
J. C. WoRKMAN 

(6) STEAM TURBINES 

Appointed December, 1918 
C. H. Brrry, Chairman V. M. Frost | 
I. E. Mouutrop, Secretary A. E. GRUNERT | 
O. D. H. Bentiey Francis HopGKINSON 
W. E. CaLpwELL S. A. Moss 
A. G. CurIsTIB R. O. MuLuER 
Hans DawLsTRAND T. E. Purce.u 

C. C. THomas 
. . 
(7) RECIPROCATING STEAM-DRIVEN DISPLACEMENT 
PUMPS 

Appointed December, 1918 
R. D. Haun, Chairman J. E. Gipson 
C. H. ANDERSON G. L. KoLuBere 
E. H. Brown M. B. MacNeai 
J. N. CHESTER D. W. Mpap 


L. A. QUAYLE 


SOCIETY RECORDS 


(8) CENTRIFUGAL AND ROTARY PUMPS 
Appointed December, 1918 


V. B. Grecroy, Chairman M. B. hee ee 
4ax SPILLMAN, Secretary L. F. Mo 
12 1D, ee 


V. C. Brown 
\ W. M. Wuitr 
(9) DISPLACEMENT COMPRESSORS AND BLOWERS 


Appointed December, 1918 


AUL DISERENS, Chairman 
%, T. FevpncK 


J. F. Huvang 
R. M. JoHnson 
S. B. Reprieip 


(10) CENTRIFUGAL AND TURBO-COMPRESSORS AND 


BLOWERS 
Appointed December, 1918 


. T. Brown, Chairman J. J. Gros 
) . L. ANDERSON H. F. Hacen 
. A. Bootu Paut HorrMan 
i. H. CARRIER Hy Dy Knisny 
YE. Day A. L. Kimpanu 
.S. Dran L. S. Marks 
., G. DrutscH Arvip PETERSON 
?H. Downs H. F. Scumipt 
., E. Goop M. C. Stuart 
(11) COMPLETE STEAM POWER PLANTS 


) Appointed December, 1918 
.M. Van Deventer, Chairman 


’, F. Davipson 7. W. Norris 
eH. FELLOWS C. U. SavorE 
. A. ForEsMAN D. S. Wrce 

we Frost H. 8. Wurron 
(12) CONDENSERS, WATER HEATING, AND COOLING 


EQUIPMENT 
Appointed December, 1918 


_ A. OrrRoK, Chairman J. F. Grace 
_H. Harpe, Secretary D. W. R. Morean 
H. Baxer, Jr. J. J. Muuuan 


N. Exruart H. B. Reynotps 


P. E. Reynoups 


(13) REFRIGERATING SYSTEMS 
Appointed December, 1918 
_ M. Anverson, Chairman N. H. Hitter 
B. Bricut G. A. Horne 
G. T. VoorHEES 
(14) EVAPORATING APPARATUS 
Appointed December, 1918 
\N. Trump, Chairman E. A. NpewHALL 
N. Bump H. L. Parr 


L. C. Rocrrs 


(15) STEAM LOCOMOTIVES 
Appointed December, 1918 


C, Scumipt, Chairman G. E. Reoaps 
F, Kress, Jr. L. K. Situcox 
| B. Oaritey W. E. Wooparp 
(16) GAS PRODUCERS 
Appointed December, 1918 
T. MaGrupEr, Chairman C. D. SmitxH 
| H, Fernaup S H. F. Smira 


INTERNAL-COMBUSTION ENGINES 


Appointed December, 1918 
1x Rorrmr, Chairman 
RTE Cookn 


(17) 


J. H. Suter 


RI-27 
(18) HYDRAULIC PRIME MOVERS 
Appointed December, 1918 
E. C. Hutcurnson, Chairman J. P. GRowpon 
C. M. Auten a H. Hoae 
H. L. Doourrriy ‘ D. J. McCormack 
W. F. Duranp L. F. Moopy 
N. R. Grsson R. V. THERRY 


W. M. Waits 


(19) INSTRUMENTS AND APPARATUS 
Appointed December, 1918 


C. F. Hirsurepp, Chairman J. B. GRUMBEIN 
W. A. Carrnr, Secretary W. H. Kenerson 
C. M. Atupn E. S. Lun 
E. G. Battny E. L. Linpsptsa 
H.S. Bran Osporn Monnett 
Id Baad S. A. Moss 
C. R. Cary R. J. S. Preorr 
J 1DY, ee E. B. Rickgrrs 
R. E. Ditton W. A. SLOAN 
F, M. Farmer R. B. Smirxe 

(20) SPEED-RESPONSIVE GOVERNORS 


Appointed December, 1921 


Francis Hopaxinson, Chairman J. F. M. Parirz 
Harrp Cooker F. H. Roamrs 


(21) DUST SEPARATING APPARATUS 


Appointed October, 1934 


M. D. Eneur, Chairman J. M. DaLuaAVALLE 
J. W. Armour, Secretary Pxitie DRINKER 
E. L. ANDERSON H. F. Hacun 

A. D. Batty P. H. Harpin 

H. M. Buspar C. W. Hepsrre 
W. G. Curisry J. H. Lercu 

H. O. Crorr H. E. MacomBEr 


B. F. Trnuson 


ASME. Representatives on Other Committees 
See also A.S.M.H. Representatives on Other Activities, page 29 


DEVELOPMENT OF DEFINITIONS FOR THE NET 
CALORIFIC VALUE AND GROSS CALORIFIC 

VALUE OF FUELS 

American Society for Testing Materials 

W. J. WoHLENBERG 


Sponsor Body: 


COMMITTEE ON REDEFINING SO-CALLED 
TON OF REFRIGERATION 


Sponsor Body: American Society of Refrigerating Engineers 
G. B. Bricutr 


STANDARD 


Safety Technical Committees 


(Personnel of Standing Committee, p. 6) 


SAFETY CODE FOR MECHANICAL POWER-TRANSMISSION 
APPARATUS 


*Joint sponsorship with the International Association of Industrial 
Accident Boards and Commissions, National Bureau of Casualty 
and Surety Underwriters. Sectional Committee organized 
February, 1921 


A.S.M.E. Members (Total personnel, 27) 


1C. B. Aun, Chairman W. W. Nicuos 

tL. A. DeBuois W.S. Pann 

W. J. Hamitton P. G. Ruoaps 

R. McA. Known {D. C. Wrieur 

TG. M. Naytor (G. N. VanDeruoer, Alternate) 
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SAFETY CODE FOR ELEVATORS 


*Joint sponsorship with the American Institute of Architects and the 
National Bureau of Standards. Sectional Committee organized 
November, 1922 


A.S.M.E. Members (Total personnel, 35) 
O. P. Cummines, Vice-Chairman D. L. Linpquist 
C. R. CaLLaway N. O. Linpstrom 
M. H. CuRrisTOPHERSON J. J. Matson 


I. N. HaveutTon J.C. McCasn 
{D. L. Hotsroox M. B. McLautTsuin 


S. V. JAMES W.S. PAINE 
Bassett JONES S. F. VoorHEeEs 


SAFETY CODE ON MACHINERY FOR COMPRESSING AIR 


*Joint sponsorship with the American Society of Safety Engineers— 
Engineering Section, National Safety Council. Sectional 
Committee organized May, 1923 


A.S.M.E. Members (Total personnel, 23) 


Pauu DiIspnRENS O. P. Hoop 

H. D,. Epwarps tH. H. Jupson 
W. M. GraFrr C. E. PETTIBONE 
W. J. GRAVES D. L. Royer 


SAFETY CODE FOR CONVEYORS AND CONVEYING 
MACHINERY 


*Joint sponsorship with the National Bureau of Casualty and Surety 


Underwriters. Sectional Committee organized November, 1925 
A.S.M.E. Members (Total personnel, 45) 

M. H. CuristoPpHERSON W.S. PaIne 

E. L. Girrorp C. G. PFEIFFER 

W. J. GRAVES D. L. Rover 

F, V. Herzeu (W. M. Grarr, Alternate) 
1M. A. Kenpau Wixu1am STANIAR 

R. McA. Known G. R. WapDiLrieH 


J. G. WHEATLEY 


SAFETY CODE FOR CRANES, DERRICKS, AND HOISTS 
*Sole sponsorship. Sectional Committee organized November, 1925 


A.S.M.E. Members (Total personnel, 58) 

FRANKLIN MOELLER 
{Lzwis Price 

F. H. Schwerin 
{R. H. Wuirs 


B. F. Truuson, Secretary 
H. LeR. Brinx 
J. F. Howr 
W. D. KeLuEeR 
H. L. WaHirTreMore 


AS M.E. Representatives on Other Safety Committees 
See also A.S.M.E. Representatives on Other Activities, page 29 


SAFETY CODE CORRELATING COMMITTEE 
M. H. CuristopHERSON (T. A. WALSH, JR., Alternate) 


SAFETY CODE FOR AMUSEMENT PARKS 


*Sponsor bodies: National Association of Amusement Parks, and 
National Bureau of Casualty and Surety Underwriters 


G. P. Smita 


SAFETY CODE FOR FLOOR OPENINGS, RAILINGS, AND 
TOE BOARDS 


* Sponsor body: National Safety Council 
WiviraM CoLiins 


SAFETY CODE FOR FORGING AND HOT METAL 
STAMPING 


American Drop Forging Institute and the National 
Safety Council 


*Sponsor bodies: 


O. F. Lucxensacu C. F. Park 


‘ 
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SAFETY CODE FOR LADDERS 


*Sponsor body: National Safety Council 
W. T. Hatcr 


SAFETY CODE FOR LAUNDRY MACHINERY AND 
OPERATION 


*Sponsor bodies: Laundry Owners National Association, Association 
of Governmental Officials in Industry of U. S. and Canada, and 
National Association of Mutual Casualty Companies 


E. J. CARROLL 


SAFETY CODE FOR LIGHTING FACTORIES, MILLS, AND 
OTHER WORKS PLACES 


*Sponsor body: Illuminating Engineering Society 
L. A. BLACKBURN 


SAFETY CODE FOR LOGGING AND SAWMILL MACHINERY 


*Sponsor body: National Bureau of Standards 
J. H. Dickinson 


SAFETY CODE FOR PAPER AND PULP MILLS 


*Sponsor body: National Safety Council 
R. L. WELDON 


SAFETY CODE FOR POWER PRESSES, AND FOOT AND 
HAND PRESSES 


*Sponsor body: National Safety Council 
E. E. BARNEY 


SAFETY CODE FOR TEXTILES 


*Sponsor body: National Safety Council 
G. L. WARFIELD 


SAFETY CODE FOR VENTILATION 


*Sponsor body: American Society of Heating and Ventilating Engineers 
P. A. McKirrrick (L. H. Eacurt, Alternate) 


SAFETY CODE FOR WALKWAY SURFACES 


*Sponsor bodies: American Institute of Architects and National Safety 


Council | 
W. M. Grarr | 
| 


SAFETY CODE FOR WINDOW WASHING 


*Sponsor body: National Safety Council 
W. G. Borie 


| 


SAFETY CODE ON COLORS FOR IDENTIFICATION OF 
GAS MASK CANISTERS 


*Sponsor body: National Safety Council 
L. C. Licutry 


SOCIETY RECORDS 


SAFETY CODE FOR PROTECTION OF INDUSTRIAL 
WORKERS IN FOUNDRIES 


*Sponsor bodies: American Foundrymen’s Association and National 
Founders Association 


H. M. Lanz 
j 
SAFETY CODE FOR PREVENTION OF DUST EXPLOSIONS 
"Sponsor bodies: National Fire Protection Association and U. S. 
Department of Agriculture 
y J. H. Morrow 


» 


SAFETY CODE FOR WORK IN COMPRESSED AIR 


*Sponsor body: International Association of Industrial Accident Boards 
and Commissions 


L. J. Ersspen 
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SAFETY CODE FOR EXHAUST SYSTEMS 


*Sponsor body: International Association of Industrial Accident Boards 
and Commissions 


A.S.M.E. Representative 
J. C. Harpiee (E. H. peContneu, Alternate) 


SPECIFICATIONS AND METHODS OF TEST FOR SAFETY 
GLASS 


*Sponsor bodies: National Bureau of Casualty and Surety Underwriters 
and National Bureau of Standards 


T. A. Wausu, Jr. (G. E. SAnrorp, Alternate) 


LOW VOLTAGE ELECTRICAL HAZARD 


Special Committee of the American Society of Safety Engineers— 
Engineering Section, National Safety Council 


J. P. JAcKSON 


A.S.M.E. Representatives on Other Activities 


See also A.S.M.E. Representatives on Other Research Committees, etc., pages 21, 25, 27, and 28 


(Dates in parentheses denote expiration of terms) 


, 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF 
SCIENCE 


i SECTION M, ENGINEERING 
} (To be appointed) 


AMERICAN BUREAU OF WELDING 
JAMES PARTINGTON 


COMMITTEE ON STRUCTURAL STEEL WELDING 
G. A. OrRoK 


| AMERICAN ENGINEERING COUNCIL 


(One year term) 


.. E. FLANDERS, Chairman 
', P. ALFORD 


Paut Doty 
A. A. PoTTEeR 
D. Ropert YARNALL 


Alternates: H. V. Cos, J. W. Ron 


AMERICAN STANDARDS ASSOCIATION 


. W. Spicer (1937) Alternates: V.R. WILLOUGHBY 
C. B. LePage 


AMERICAN YEAR BOOK CORPORATION 
C. E. Davizs 


THE ENGINEERING FOUNDATION 


|| E. Wurrp (1936) W. H. Fuuweiurr (1937) 
D. Ropert YARNALL (1937) 


EDUCATIONAL RESEARCH COMMITTEE 
H. N. Davis 


RESEARCH PROCEDURE COMMITTEE 
W. H. FutwriLer 


‘ENGINEERING SOCIETIES EMPLOYMENT SERVICE 
NATIONAL BOARD 


C. E. Davizs 


METROPOLITAN BOARD 
Ernest Hartrorp, Chairman 


ENGINEERS’ COUNCIL FOR PROFESSIONAL 
DEVELOPMENT 


, E. WicKENDEN (1935) C. F. HirsHretp (1936) 
To be appointed (1937) 


ENGINEERS NATIONAL RELIEF FUND 
W. A. SHoupy 


JOHN FRITZ MEDAL BOARD OF AWARD 
R. V. Wrieut (1935) A. A. Pottrr (1937) 
C. N. Lavunr (1936) Pau Dory (1938) 


GANTT MEDAL BOARD OF AWARD 


J. W. Rog (1935) D. B. Porter (1936) 
F. E. Raymonp (1937) 


DANIEL GUGGENHEIM MEDAL FUND, INC. 


H. I. Cone (1935) E. E. Auprin (1937) 
P.H. Apams (1936) B. M. Woops (1938) 


JOSEPH A. HOLMES SAFETY ASSOCIATION 
O. P. Hoop 


HOOVER MEDAL BOARD OF AWARD 


AMBROSE SwaseEy (1935) To be appointed (1937) 
C. N. Laur (1939) 


INTERNATIONAL CONGRESSES OF PHOTOGRAPHY, 
JULY, 1935 


AMERICAN NATIONAL COMMITTEE 
EDWARD EpsTnan 


INTERNATIONAL ELECTROTECHNICAL COMMISSION 


U. 8S. NATIONAL COMMITTER 


H. N. Davis Francis HopGKINSON 


E. C. HutcHinson 


Alternates: C. Harotp Brrry, Paut DIspRens 


MECHANICAL STANDARDS ADVISORY COUNCIL 
W.S. Monroz 


NATIONAL BUREAU OF ENGINEERING REGISTRATION 


J. H. LAWRENCE 


NATIONAL FIRE WASTE COUNCIL 


H. O. LacountT J. A. NEALE 
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NATIONAL MANAGEMENT COUNCIL 


J. A. Pracrtpnui (1936)—G. W. Keusny, Alternate 
C. W. Lytux (1937) 
H. V. Coxns (1938)—J. W. Roz, Alternate 


NATIONAL RESEARCH COUNCIL 
DIVISION OF ENGINEERING AND INDUSTRIAL RESEARCH 


W. R. Wezster (1935) F. M. Farmer (1936) 
W. D. Ennis (1935) D. S. Jacospus (1936) 


C. E. Daviss, Secretary, Ex-Officio 


NEW YORK STATE JOINT LEGISLATION 
COMMITTEE 


Sriemunp FIRESTONE J. H. Lawrence 


ALFRED NOBEL PRIZE 
A. M. GREENE, JR. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


PROFESSIONAL ENGINEERS COMMITTEE ON 


UNEMPLOYMENT 
W. T. Conton J. N. LAnpis G. B. Ppecram 
H. N. Davis A. H. Mryer WaLTeR RAUTENSTRAUCH 
STUDY OF COAL 
JOINT COMMITTEE WITH THE A.I.M.E. 
A. D. BaILEy H. Drake Harkins A. L. PENNIMAN, JR. 
E. H. Barry J. C. Hopss E. B. Ricketts 
F. M. Grsson E. H. Tenney 


UNITED ENGINEERING TRUSTEES, INC. 
H. V. Cons (1936) D. Ropert YARNALL (1937) 
W. L. Bart (1938) 
ENGINEERING SOCIETIES MONOGRAPHS COMMITTEE 
S. W. Dupiey W. A. SHoupy 


WESTERN SOCIETY OF ENGINEERS 


WASHINGTON AWARD 


G. F. Gesuarpt (1935) C. B. Notte (1936) 


Awards 


The following paragraphs deal with the awards, scholarships, and 
loan funds which come within the jurisdiction of the A.S.M.E. The 
Society,also participates with other engineering societies in a number 
of joint_awards. 


Honorary Membership, to which persons of acknowledged profes- 
sional eminence are elected by unanimous vote of Council under the 
provisions of the By-Laws and Rules. A list of honorary members 
is given on page RI-32. 

Life Membership, which may be conferred by the Council for dis- 
tinguished service to the Society; or secured by a member by pay- 
ment for an annuity in accordance with the provisions of the By-Laws. 

A.S.M.E. Medal, established by the Society in 1920 to be pre- 
sented for distinguished service in engineering and science. May be 
awarded for general service in science having possible application 
in engineering. 

Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed for some 
great and unique act of genius of engineering nature that has ac- 
complished a great and timely public benefit. 

Worcester Reed Warner Medal, provision for which was made in 
the will of Worcester Reed Warner, Honorary Member of the Society, 
is a gold medal to be bestowed on the author of the most worthy 
paper received, dealing with progressive ideas in mechanical engi- 
neering or efficiency in management. 

Melville Medal, established in 1914 by the bequest of Rear-Admiral 
George W. Melville, Honorary Member and Past-President of the 
Society, to be presented for an original paper or thesis of exceptional 
merit, presented to the Society for discussion and publication, to 
encourage excellence in papers. The medal may be presented an- 
nually. 

Spirit of Saint Louis Medal, endowed by members of the Society 
and citizens residing in St. Louis, Mo., to be awarded for meritorious 
service in the field of aeronautical engineering. This medal will be 
awarded at the discretion of the Council of the Society at approxi- 
mately three-year periods upon the recommendation of a Spirit of 
Saint Louis Medal Board of Award made up of six members, each 
appointed for a term of nine years and the terms of two members 
expiring at each three-year period. The St. Louis Section and the 
Aeronautic Division will each be responsible for the nomination of 
three members. 

Junior Award, annual cash award of $50, established in 1914, from 
a fund created by Henry Hess, Past Vice-President of the Society, 
to be presented, together with an engraved certificate, for the best 
paper or thesis submitted by a Junior Member. 

Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President of 
the Society, to be presented, together with engraved certificates, for 
the best papers or theses submitted by members of Student Branches. 

Charles T. Main Award, annual cash award of $150, established 
in 1919 from a fund created by Charles T. Main, Past-President of 
the Society, to be awarded to a student of engineering, preferably 
a member of a Student Branch of the Society, for the best paper 
within the general subject of the “Influence of the Profession Upon 

‘ 


Public Life.’’ The exact subject is assigned by the Committee on 
Awards, subject to the approval of the Council, and is announced 
each year through the Honorary Chairmen of the Student Branches. 


SCHOLARSHIPS AND LOAN FUNDS 


Max Toltz: Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to students. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman’s Auxiliary: Scholarship or Fellowship offered by the 
Woman’s Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presentation, 
and the services or papers for which the awards were made. There 
were no awards for the years not listed. 


A.S.M.E, Mepau 


HJALMAR GOTFRIED CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm high- 
explosive shells, but also used extensively in gas shells and 
bombs 

Frepperick ArTHUR Hatsry, for his paper describing the 
premium system of wage payments presented before the 
Society at the Providence Meeting in 1891, as the adoption 
of the methods there proposed has had a profound effect 
toward harmonizing the relations of worker and employer 
Joun Riptey FrepMaAN, for his eminent service in engineering 
and manufacturing by his meritorious work in fire prevention 
and the preservation of property 

R. A. MinurKan, in recognition of his contributions to science 
and engineering 

Wiurrep Lewis, for his contributions to the design and con- 
struction of gear teeth 

JULIAN Kennepy, for his services and contributions to the 
iron and steel industry 

Wrui1am LeRoy Emmet, for his contributions in the develop- 
ment of the steam turbine, electric propulsion of ships, and 
other power-generating apparatus 

ALBERT Kinessury, for his research and development work 
in the field of lubrication 

AmBrosE Swasry, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope 
Wituts H. Carrimr, in recognition of his research and develop- 
ment work in air-conditioning. 


1921 


1924 
1928 


1929 


1933 


| 
| 1934 
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Houiey Mepau 


HyJALMAR GOTFRIED CARLSON, for his inventions and processes 
which made possible the timely production of drawn steel 
booster casings for artillery ammunition, thereby aiding vic- 
tory in the World War 

Eimer Ambrose Sperry, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctuating 
magnetic compass 

Baron CuvuzaBsuro Sursa, for his contributions to knowledge 
through fundamental research, including the field of aero- 
dynamics, by the development of ultra-rapid kinematographic 
methods. 


Worcester REED WARNER MEDAL 


Dexter S. Kimzpaut, for his contributions to efficiency in 
management as exemplified by his recently revised ‘‘Principles 
of Industrial Organization’? and by his many articles, engi- 
neering society papers, and public addresses 

Raupy E. Fuanpers, for his contributions to a better under- 
standing of the relationship of the engineer to economic 
problems and social trends as exemplified by the many papers 
which he has presented. 


Metvitte Mepau 


Leon P. Atrorp, ‘‘Laws of Manufacturing Management”’ 
JosppH WicxuaM Rog, ‘Principles of Jig and Fixture Prac- 
tice” 

HerMan DigpEeRICHS AND WILLIAM D. Pomeroy, ‘‘The Oc- 
currence and Elimination of Surge or Oscillating Pressure in 
Discharge Lines From Reciprocating Pumps” 

Artruur E. Grunert, “Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit System 
of Firing”’ 

Atpxry J. Srepanorr, ‘Leakage Loss and Axial Thrust in 
Centrifugal Pumps’’ 

Wiuuram EB. Catpwetu, “Characteristics of Large Hell Gate 
Direct-Fired Boiler Units.” 


Srrriv or Saint Louts Mepau 


Danie, GuGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

Pauu LircHrie_p, for his work in encouraging and sponsoring 
airship design and construction in this country. 


Junior AWARD 


Ernest O. Hicxstern, “Flow of Air Through Thin Plate 
Orifices”’ 

L. B. McMri1an, ‘‘The Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings” 

E. D. WHALbpN, ‘“‘Properties of Airplane Fabrics’’ 

S. Logan Kmurr, ‘Moody Ejector Turbine” 

R. H. Herman, “Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures Up to 800 Degrees Fahr- 
enheit”’ 

F. L. Katuam, ‘‘Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids” 

S. S. SanForD AND S. Crocker, “The Elasticity of Pipe Bends” 
R. H. Heiman, ‘“‘Heat Losses Through Insulating Material” 
Gupert S. Scuatupr, ‘‘An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 

Wo. M. Framp, ‘Stresses Occurring in the Walls of an Hllip- 
tical Tank Subjected to Low Internal Pressure’’ 

M. D. Arsenstetn, ‘‘A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump” 

Arruur M. WadL, “Stresses in Heavy, Closely Coiled Helical 
Springs” 

Ep Srncuair Smita, Jr., ‘‘Quantity-Rate Fluid Meters” 

M. K. Drewey, ‘‘Radiant-Superheater Developments” 
Epmonp M. Waenpr, ‘‘Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder’ 
TownsEenp Tinker, ‘Surface Condenser Design and Operat- 
ing Characteristics” 

Joun I. Yeuuort, Jr., ‘‘Supersaturated Steam.” 


SrupENT AWARD 


Boynton M. Green, Stanford University, ‘“Bearing Lubrica- 
tion” 

Howarp Srevens, Rensselaer Polytechnic Institute, ‘An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 


1917 


1919 


1920 


1921 


1923 


1924 


1925 


1926 


1927 


1928 


1929 


1930 


1931 


1932 


1933 


1934 


1925 


1926 


1927 


1928 


1930 


RI-31 


M. Apam, Louisiana State University, ‘‘The Adaptability of 
the Internal Combustion Engine to Sugar Factories and 
Estates’ ; 

H. R. Hammonp anv C. W. Hoitmpere, Pennsylvania State 
College, ‘Study of Surface Resistance With Glass as the 
Transmission Medium” 

C. F. Lex and F. G. Hampton, Stanford University, ‘‘An 
Experimental Investigation of Steel Belting’’ 

W. E. Hewumicx, Stanford University, ‘‘An Experimental 
Investigation of Steel Belting” 

Howarp G. Auuen, Cornell University, ‘‘Wire Stitching 
Through Paper’’ 

Karu H. Wurtz, University of Kansas, ‘‘Forces in Rotary 
Motors”’ 

RicHarp H. Morris anp ALBERT J. R. Houston, University 
of California, ‘‘A Report Upon an Investigation of the Herschel 
Type of Improved Weir’’ 

CuHarR.Les F. OumsTEApD, University of Minnesota, ‘Oil Burn- 
ing for Domestic Heating”’ 

H. E. Doo.irriz, University of California, ‘‘The Integrating 
Gate: A Device for Gaging in Open Channels”’ 

GerorcGe Stuart CuARK, Stanford University, ‘‘Two Methods 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants’’ 

L. J. FRANKLIN AND CuHaruss H. Smita, Stanford University, 
“The Effect of Inaccuracy of Spacing on the Strength of 
Gear Teeth” 

Harry Prase Cox, Jr., Rensselaer Polytechnic Institute, 
“A Study of the Effect of End Shape on the Towing Resis- 
tance of a Barge Model” 

W.S. Montreaomery, Jr., AND E. Ray Enpers, Jr., Pennsyl- 
vania State College, ‘‘Some Attempts to Measure the Drawing 
Properties of Metals’’ 

R. E. Prererson, University of Illinois, ‘‘An Investigation of 
Stress Concentration by Means of Plaster of Paris Specimens” 
Crcit G. Hrarp, University of Toronto, ‘“‘Pressure Distribu- 
tion Over U.S. A. 27 Aerofoil With Square Wing Tips Model 
Tests” 

Autrrep H. MarsHatu, Princeton, ‘‘Evaporative Cooling” 
Rocmr Irwin Epsy, University of Washington, ‘‘Measurement 
of the Angular Displacement of Flywheels’ 

CLARENCE C. Franox, Johns Hopkins University, ‘Condition 
Curves and Reheat Factors for Steam Turbines”’ 

Frank Vernon Bistrom, University of Washington, ‘An 
Investigation of a Rotary Pump” 

Wintiram Waxuace Wuirtr, University of Washington, ‘An 
Investigation of a Rotary Pump” 

GerrRarpD Eprmn Cuaussen, Polytechnic Institute of Brooklyn, 
“High-Temperature Oxidation of Steel” 

Harotp L. Apams anD Ricuarp L. Stirs, University of 
Washington, ‘‘A Wind Tunnel for Undergraduate Laboratory 
Experiments” 

Jutes Popnossorr, Polytechnic Institute of Brooklyn, 
“Pressure and Energy Distribution in Multi-Stage Steam 
Turbines Operating Under Varying Conditions” 

H. E. Foster, Jr., University of Tennessee, ‘‘Factors Affecting 
Spray Pond Design” 

Wiuiam A. Mason, Stanford University, ‘‘An Experimental 
Investigation of the Flame Propagation in Internal-Combus- 
tion Engines” 

Huco V. Corprano, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of Lithium-Magnesium System of Alloys’’ 
James A. Ostranp, Jr., Princeton University, ‘Sudden 
Enlargement in the Open Channel” 

H. Reynotps Hupson, Georgia School of Technology, 
“Dynamic Balance and Functional Utility Applied to Auto- 
motive Design.” 


Cuarues T. Main AwarD 


CurmEent R. Brown, Catholic University of America. Sub- 
ject: ‘The Influence of the Locomotive on the Unity of the 
United States” 

W. GC. Saytor, Johns Hopkins University. Subject: ‘The 


~ Effect of the Cotton Gin Upon the History of the United 


States During Its First Seventy Years”’ 

No award. Subject: ‘‘Scientific Management and Its Effect 
Upon the Industries”’ 

Rozsert M. Mrynrr, Newark College of Engineering. Sub- 
ject: ‘Scientific Management and Its Effect Upon Manu- 
facturing”’ 

Jutus Popnossorr, Polytechnic Institute of Brooklyn. Sub- 
ject: ‘The Value of the Safety Movement in the Industries” 


RI-32 


1931 Rosnrt EB. Kuisx, University of Michigan. Subject: ‘‘Inter- 
changeability—Its Development and Significance in Industry” 
MarsHALL ANDmRSON, University of Michigan. 
“Apprenticeship and Vocational Training” 
Groroen D. Witxinson, Jr., Newark College of Engineering. 
Subject: 
pheric Pollution” 

Puitie P. Suir, Colorado State College, 
Its Practicability and Relation to Public Welfare.” 


1932 


1933 


1934 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


- 4, 1927 Hersort N. Eaton 
Tec: 1928 Buaxe R. Van Luer 
1929 Rosert T. Knapp 
“Progress in the Prevention of Smoke and Atmos- 1931 Rucinatp WHITAKER 
1932 G. Ross Lorp 
“Air Conditioning— 1933 \ 
1934 H. J. Caspy. 
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ALEXANDRE GUSTAVE Eirret . 1889 1923 Henri ApoLPHE-EUGENE Ricut HonoraBuy LorRD WEIR . 1920 
MARSHAL FERDINAND Focu . 1921 1929 ScHNEIDER . - 1882 1898 OrviLLE WricHT . 1918 
Past-Presidents 
A list of past vice-presidents, managers, treasurers, and secretaries 1906 FREDERICK WINSLOW TayLor (1915) 
will be found in the 1930 Record and Index, pages 10-12. Dates in 1907 FREDERICK Remsen Hutton (1918) 
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1905 Joun Riptey FREEMAN (1932) 1934 Paut Doty 
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A New Basis for the Rating of 
: Roller-Chain Drives 


| j By G. M. BARTLETT,! WEST LAFAYETTE, IND. 


_ Reference tables giving horsepower ratings for roller 
4) ° . . . 
allowable wo chains are commonly based upon certain 


-allowable working pressures per square inch of projected 
’ bearing area at the chain joints. The allowable working 
_ load is assumed to increase in proportion to the projected 
area of the pins and to decrease with an increase in chain 
_ velocity and an increase in the “centrifugal pull” of the 
chain. 
An analysis of the bending action of the links at both 
driving and driven wheels and the work of friction between 
pins and bushings yields an algebraic expression for the 
heat generated per minute, or for the rate of wear in the 
»chain. This is proportional to the rate of elongation of 
the chain; and this rate of elongation is found to be di- 
-rectly proportional to the horsepower transmitted and 
/4nversely proportional] to the pitch, the length of the bush- 
hing, the number of links in the chain, and the product of 
the number of teeth in the two sprockets (very nearly). 
_A set of tables is developed based upon chain velocity and 
) the number of teeth in both sprockets. The horsepowers 
‘taken from these tables are such as will produce approxi- 
“mately the same rate of elongation in all drives whose 
design and operation conform to average conditions. 


tables and charts to determine the allowable load carried 
by a given chain at a given speed, and, after making due 
allowances for special conditions as dictated by one’s judgment, 
/a selection of a suitable chain model is made. 
| By means of one chart frequently used, the chain is selected 
on the basis of the horsepower to be transmitted and the revolu- 
? tions per minute of the smaller sprocket. By means of certain 
tables in common use, the chain is selected on the basis of chain 
velocity and either chain pull or horsepower. In another table, 
“the revolutions per minute of the smaller sprocket and its number 
) of teeth are the given data. 
While such tables are easy to use and economical to print, it 
gas long been realized that unless all other conditions are satis- 


[- DESIGNING a chain drive it is customary to refer to 


! Professor of Machine Design, Purdue University, and Consulting 
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Similar tables are computed on the basis of the rpm 
of the smaller sprocket instead of the chain velocity. 

These tables also allow for the extra pull on the chain 
due to centrifugal force, and for the chain lengths and 
center distances necessary to keep the rate of elongation 
within the limits allowed. 

An examination of these tables shows that, with certain 
combinations of sprocket teeth and chain lengths, loads 
twice as great as those usually given in tables can be trans- 
mitted. And these figures seem to be supported by actual 
practice. 

The subject of limiting speeds for sprockets is treated 
and three sets of limiting conditions are investigated, 
namely: (a) the effect of a single impact between chain 
rollers and sprocket teeth, (6) the energy of impact per 
tooth per minute, and (c) the effect of centrifugal action. 
A table is compiled giving maximum chain velocities and 
sprocket speeds, based upon these investigations, for 
various chains and various numbers of teeth in the sprock- 
ets. This table shows the conditions under which certain 
chains can be operated at velocities above 3000 fpm and 
other conditions under which the same chains should not 
be operated at more than 240 fpm. 


factory the tabulated ratings are likely to be erroneous. It is 
the purpose of this paper to present the results of a mathematical 
investigation of the conditions that cause chain and sprocket 
wear, and also to present evidence of the possibility as well as 
the desirability of compiling a set of tables for the proper rating 
of roller chains on the basis of all factors that affect the satis- 
factory performance of the drive. 

The number of teeth in the smaller sprocket affects the rapidity 
of wear of the chain, the uniformity of chain velocity, the effi- 
ciency of the drive, and the endurance limit of the chain. 

' The rapidity of chain elongation is affected by the chain pull, 
the horsepower, the sprocket speed, the length of the chain 
bushing, the chain length, the product of the number of teeth in 
the two sprockets, and the character of the lubrication; but it is 
independent of the pin diameter unless the unit pressure on the 
pin is excessive. 

The rapidity of sprocket-tooth wear due to roller impact is 
affected by the pitch, the weight of the chain, the size of the 
rollers, the revolutions per minute, the material and heat-treat- 
ment of the sprockets, the design of the tooth form, and the 
character of the lubrication. 

The centrifugal force of the chain is affected by the weight 
of the chain and its velocity. 

The efficiency of a chain drive is affected by the number of 
teeth, the chain pull, the pin diameter, the chain weight, the 
revolutions per minute, the character of the lubrication, and the 
tangential distance along the tight strand of the chain. 

The principal consideration in the design of a chain drive is 
long service for both chain and sprockets. But such considera- 
tions as compactness, quiet action, light weight, or low initial 
cost may sometimes become paramount. In the present in- 
vestigation it is assumed that the end to be attained is a certain 
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number of hours of service under average conditions before the 
chain has elongated to such an extent that it is no longer satis- 
factory. 

The first procedure will be the development of formulas from 
which maximum chain velocities and maximum sprocket speeds 
may be calculated for various standard chains and for various 
numbers of sprocket teeth. Having tabulated the results ob- 
tained from these formulas, other formulas will be developed to 
express the rate of chain wear and the allowable horsepower of a 
chain based upon pitch, pin diameter, bushing length, chain 
length, number of sprocket teeth, and sprocket speed. From 
these it will be possible to construct a set of tables for use in the 
selection of a chain expected to operate for a reasonable number 
of hours before being worn out. 


Cause or SprocKET WEAR? 


The wear of sprocket teeth is mainly due to roller impact. 
While engagement between a chain and sprocket is taking place, 
each link, AB, as shown in Fig. 1, turns about the pin A with an 


Fie. | ENGAGEMENT BETWEEN A CHAIN AND SPROCKET; ANALYSIS 


oF Impact CONDITIONS 


angular speed equal to that of the sprocket. Hence the linear 
speed of the roller B along the arc BC, relative to the sprocket, is 
equal to the linear speed of a point on the sprocket at a distance P 
from the center. That is, the roller strikes the sprocket with a 
speed equal to 27Pn/12 fpm, or tPn/360 fps, where P is the 
pitch and n is the revolutions per minute of the sprocket. The 
energy of one impact is wv?/2g ft-lb, in which w is the weight of 
the impinging body in pounds, v the speed of the roller along the 
are BC in feet per second, and g the acceleration of gravity. 
, It is uncertain how much of the mass of the chain plays a 
part in the impact, but we may reasonably assume that it is 
proportional to the weight of a link and nearly equal to it. 
Substituting +Pn/360 for v, and 32.2 for g, the energy of im- 
pact in foot-pounds is 
we? 


2g 845617 


where w is the mean weight of one chain link. 

Examination of this expression shows that, in the case of 
any given chain, the destructive action due to impact between 
the chain and the sprocket is proportional to the square of the 
revolutions per minute, and is independent of both the chain 
velocity and the number of teeth in the sprocket. 

The destructive action is also proportional to the weight of 
the chain link and to the square of the pitch. Hence, if sprocket 
wear is to be reduced, the revolutions per minute, the pitch, and 
the chain weight should be as low as is consistent with strength 
and pin bearing area. 

The question might arise as to whether the chain tension F 
does not affect the amount of the impact. Undoubtedly it does, 


* “Roller Chain Drives in Theory and Practice,’ by G. M. Bartlett, 
Product Engineering, July, 1931, p. 299. 


‘ 


but to only a slight extent as is deduced from the fact that under 
conditions of high sprocket speed the wear on the sprocket teeth 
seems to be as rapid under a light load as under a heavy load. 
Such as it is, this effect is proportional to F and, very nearly, 
inversely proportional to the distance from the point of impact 
to the nearest seated roller. This distance is the pitch P. The 
expression for the energy in foot-pounds of one impact would then 
be 


Pint (» KF 
845617 Ie 


in which K is a very small constant, undetermined. 
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Errects oF Router Impact 


There are four detrimental tendencies which result from ex- 
cessive roller impact, namely, the breaking of rollers, noise, 
heating, and the wear of sprocket teeth. Roller breakage has 
been nearly eliminated by the use of better materials and proper 
heat treatment. Noise caused by impact has been reduced by 
the introduction of new designs of sprocket teeth,* and can be 
further reduced by better lubrication and the use of short- 
pitch multiple-width chains. Heating is caused by wear and is 
always accompanied by a loss of power. Sprocket-tooth wear 
is the result of a continuous succession of blows administered by 
the rollers. This wear may be reduced in the case of the smaller 
sprockets by case-hardening. But assuming that reasonable 
attention is given to all other matters the most important con- 
sideration is that of keeping the impact per square inch of roller 
area within practical limits determined by experience. And 
this means the determination of the maximum sprocket speed 
to be used with a chain of a given pitch, weight, and roller size. 


Maximum ALLOWABLE SPROCKET SPEED 


The allowable amount of impact between a roller and a 
sprocket is proportional to the projected area A of the roller, which 
is the product of its length by its diameter. 

The impact in foot-pounds per square inch of projected roller 


area is 
P22 
845617A \" 


Experience shows that for satisfactory service the energy 
of impact should not exceed, say, 0.362 ft-lb per sq in. of pro- 
jected roller area. Hence, putting [3] equal to 0.362 and 
solving for n, the maximum value of the sprocket speed in re- 
volutions per minute is 


845617 X 0.362 K A _ 554 
fo EEO eels 
P B 


where w is the mean weight of one link. 

If we disregard the effect of the chain pull F, the constant 
K being very small, and substitute WpP/12 for w, where W; is 
the weight per foot of chain, the maximum value of n will be 


Mmax = 


1920 A 


P NWP 


Temaxit. Fa Wp ase eee. pete 

By means of this formula a table of sprocket speeds may 
be made, showing the maximum number of revolutions per 
minute at which the smaller sprocket should run for each standard 


3 The British tooth form introduced by Hans Renold; the Diamond 
tooth form designed by the author; and the American tooth form 
adopted by the A.S.A. 
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chain when the pitch, the roller diameter, the width, and the 
weight per foot are known. Substituting 12V/NP for n in 
formula [4] and solving for the maximum value of V, the velocity 


__ of the chain in feet per minute, we have 


A 
Wirt GD Ais Ve So doanGaccce dec 
WrP 


Maximum Revolutions per Minute Based Upon Energy of Im- 
pact per Tooth per Minute. Multiplying the energy of one 
roller impact in Equation [1] by the number of impacts per 
tooth per minute, and dividing by A, the total energy of impact 


_ in foot-pounds per minute per tooth per square inch of projected 


roller area is 
wP2n3 
845617 A 
Substituting W,P/12 for w, this becomes 


W,pPn3 
12 X 845617 X A 


Let K, be the maximum value of W;P%n3/A. Then the 


“maximum value of n will be 


4 oe 
PORN ert PW 


in which K is W/Ki. 
If K is taken as 2000, the maximum value of 7 will be 
max P Wr OS Bia7s 8 ayele\ se 8s 85606 6 


This is based upon an assumed maximum impact in foot- 
pounds per tooth per minute, with only moderate lubrication. 

Maximum Chain Velocity. To find the maximum chain 
velocity based upon the rate of sprocket wear per tooth per 
minute due to roller impact, substitute 12 V/NP for n in formula 
{6] and solve for V. Then 


This means that, in so far as the rate of tooth wear is con- 
cerned, the permissible chain velocity is proportional to the 
number of teeth in the smaller sprocket for any given chain. 

Allowable Chain Velocity as Affected by Centrifugal Force. 
The formula here developed will be based upon the theory that 
the maximum allowable centrifugal force for one chain link is 
proportional to the projected area of the roller. 

A body, such as a chain link, rotating about an axis at a speed 
of nm revolutions per minute will exert a centrifugal pull directed 
radially and equal in pounds to 


Fp = 0.0000284 W,rn? 


= centrifugal force of one chain link, Ib 
virtual radius of sprocket = PN/2r in. 
W, = weight of one link = W,P/12, lb 
weight per ft of chain, lb 

= pitch of chain, in. 

N = number of teeth in sprocket 

n = rpm of sprocket = 6V/ar 

V = chain velocity, fpm 


Substituting 
PN/2zx for r, WpP/12 for W,, and 6V/xr for n 
Seereye 
18454 N 
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According to this theory the maximum permissible value of 
this quantity bears a constant ratio to the value of the pro- 
jected roller area A. 

Max W,V2/18454 N = KA where K; is a constant, and A 
is the product of the roller diameter times the chain width. 
Then 

max V = K AES 
Wr 


This applies to multiple-width chains as well as to single 
chains. 

Assuming 1634 fpm as the maximum velocity of a standard 
1/.-in.-pitch chain over a 17-tooth sprocket, the value of the 
constant K will be 793, and 


AN 
UREA) S Van cia dlviomoeouos ae 
max \ We 


where J is the number of teeth in the smaller sprocket. 

Maximum Sprocket Speed Based Upon the Effect of Cen- 
trifugal Force. Substituting nNP/12 in place of V in the 
centrifugal formula, and solving for n, we have a formula for the 
maximum revolutions per minute based upon maximum cen- 
trifugal action, 


Table 1 gives the maximum chain velocities and maximum 
sprocket speeds for standard roller chains and for various numbers 
of teeth in the sprockets. They are the minimum calculated 
results from formulas [4] to [9], inclusive. 


CHAIN ELONGATION OR STRETCH 


This is caused by wear between the pins and bushings which 
increases the size of the holes and reduces the size of the pins. 
This causes an increase in the pitch distance between the roller 
centers of each pin link, but does not affect the pitch of the 
roller links. 

In Fig. 3a, the forward roller B of a pin link BC has just 
seated itself between the teeth of the driving sprocket. The pin 
link now begins to turn about the center of the forward pin B 
until the next roller C has seated itself. The angle of bend is 
360/N:. During this turn, the pressure between the pin and 
bushing is equal to the whole load on the chain; but there is no 
wear between the bushing and the roller, nor between the roller 
and the sprocket. At this instant, the next link, CD, in Fig. 4a, 
which is a roller link, begins to turn about the rear pin C. During 
this turn the average pressure between the rear pin and its 
bushing is less than the load on the chain, and there is definite 
wear between the bushing and the roller. 

As the same links leave the driven sprocket, Figs. 3b and 4b, 
the reverse conditions hold. It is evident that if the driving 
sprocket is smaller than the driven sprocket the forward pin of 
the pin link will wear more rapidly than the rear pin, and if the 
driving sprocket is the larger of the two, the rear pin will wear 
more rapidly. 

Maximum Elongation. The stretching that can take place in a 
chain, before it becomes unfit for further use, varies according 
to the number of teeth on the larger sprocket, and the character 
of the drive. In some cases, chains are not discarded until they 
have stretched to the extent of 3 per cent or more of their original 
length, and in others they are considered unfit for use before 
they have stretched half that amount. As the number of teeth 
increases, a chain with 3 per cent elongation acts at higher 
points on the teeth, until when the number of teeth has reached 
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TABLE 1 MAXIMUM REVOLUTIONS PER MINUTE AND ts CHAIN VELOCITIES FOR AMERICAN STANDARD ROLLER- 


Chain Roll 

No. Pitch diam 7 9 11 13 14 15 
35N 3/s 0.200 30437 3043 3043 3043 2935 2835 
6675 857 1048 1238 1284 1330 
41 1/y 0.306 2654 2654 2654 2654 2654 2654 
772 993 1213 1434 1545 1655 
40 1/o 5/6 2517 2517 2517 2517 2517 2460 
732 942 1150 1360 1465 1534 
50 5/s 0.400 1900 1900 1900 1900 1900 1900 
692 890 1089 1287 1384 1480 
60 3/4 15/30 1500 1500 1500 1500 1500 1500 
657 844 1032 1220 1313 1407 
80 1 /s 940 940 940 940 940 940 
; 549 705 862 1019 1097 1173 
100 1/4 3/4 645 645 645 645 645 645 
470 604 738 872 940 1010 
120 1/2 7/s 520 520 520 520 520 520 
455 585 715 845 910 975 
140 13/4 1 370 370 370 370 370 370 
378 486 594 702 756 810 
160 2 1'/s 325 325 325 325 325 325 
379 487 595 704 758 813 
200 21/2 19/16 240 240 240 240 240 240 
350 450 550 650 700 750 

Note: % Upper figures are maximum revolutions per minute. 


about 60 the roller centers are acting as far out as the addendum 
circle of the sprocket. 


Forces ACTING ON THE LINKS 


In Fig. 2, the sprocket is driving counter-clockwise and the 
tight strand of the chain is moving in the direction XBA. The 
roller B has just seated itself, and at this instant, its pressure 
upon the tooth is zero. The first active roller on the sprocket 
is A, upon which there are three forces acting, namely, AX 
which is equal to the tension F in the chain, ZA which is normal 
to the tooth curve at the point of contact with the roller, and 
YA which acts along the center line of the link AD. By drawing 
XZ through X parallel to AD, we have the force diagram AXZ 
in which XZ is the tension in the link AD, and ZA is the pressure 
between the roller and the tooth. The angle X AZ is the pressure 
angle. During the time that the link AB has been turning about 
the pin A the tension in the link has not changed. 

If AB is a pin link, the forward pin A supports a bearing 
pressure equal to AX during the entire bending motion of AB 
about A. 

If AB is a roller link, the pin is attached to the pin link AD 
and hence, during the bending, the pin pressure has decreased 
from AX to XZ, and the average pressure can be taken as about 
one half the sum of AX and XZ. 

If N; is the number of teeth; ¢: the pressure angle; and F 
the tension AX in the straight portion of the chain, then the 
pressure in pounds on the first tooth at A is, from the law of 
sines, 


The average pin pressure on the rear pin of a pin link during 
the flexing of a link at the driver is, in pounds, very nearly 


; P 180 
P sin ¢; + 2 sin i a5 ) 


ae 
4 _ (360 
sin N, + ¢; | 


No. of teeth in smaller sprocket 
17 74 24 


ee ee eS eee 
28 32 37 48 54 62 


0 
2744 2662 2455 2240 2073 1940 1805 1585 1495 1395 
1373 1414 1524 1680 1817 1940 2088 2377 2520 2700 
2580 2500 2306 2106 1950 1823 1695 1488 1407 1310 
1718 1770 1920 2100 2275 2428 2612 2973 3195 3380 
2381 2310 2130 1945 1800 1685 1567 1375 1298 1210 
1585 1634 1770 1940 2100 2240 2411 2748 +2910 3120 
1885 1830 1688 1542 1426 1335 1241 1089 1028 958 
1570 1620 1760 1925 2080 2222 2390 2722 2885 3095 
1500 1500 1392 1270 1176 1100 1023 898 848 791 
1500 1584 1740 1905 2060 2200 2368 2697 2860 3061 
940 940 940 940 885 828 771 677 638 594 
1254 1330 1567 1880 2032 2195 2360 2690 2850 3055 
645 645 645 645 645 639 593 522 492 459 
1075 «1145 1347 1612 1880 2131 2292 2611 2768 2968 
520 520 520 520 520 520 515 453 427 398 
1040 1104 1300 1560 1820 2080 2385 2715 2878 3085 
370 370 370 370 370 370 370 370 364 339 
864 917 1080 1296 1510 1728 1996 2590 2851 3060 
325 325 325 325 325 325 325 325 301 281 
867 922 1083 1300 1516 1734 2003 2600 2708 2905 
240 240 240 240 240 240 240 240 240 229 
800 850 1000 1200 1400 1600 1850 2400 2700 2955 


b Lower figures are maximum chain velocities. 


By laying out the force triangle successively for each link, 
the tooth pressures and link tensions can be determined for any 
link. 

No significant rolling action takes place between the chain 
rollers and the sprocket teeth. Each bushing, however, turns 
within its roller an amount equal to 360/N; every time it passes 
around a sprocket with M; teeth. The forward bushing on a 
roller link turns in the roller during approach and the rear 
bushing turns during departure. Thus the hole in the roller 


Fie. -2 


Forces AcTING on THE LINKS 


receives uniform wear in all parts throughout the life of the 
chain. The rate at which the rollers turn over their bushings 
in turns per minute is theoretically equal to m/N, + m/No, 
where m and m2 are the sprocket speeds, and N; and N» the 
numbers of teeth on the sprockets. 

Rate of Wear Between Pins and Bushings. As chain elongation 
or “stretch” is caused by wear between the pins and the bushings 
in which they turn, and since a reduction of this elongation 
means a longer period of service for the chain, a careful study 
of what takes place when a chain approaches and leaves each 
sprocket is important. 

In Fig. 3 are shown a driving sprocket at a, and a driven 
sprocket at b, and a chain in which a link on each sprocket is 
about to flex. Fig. 4 represents the same sprockets and chain 
as in Fig. 3, but advanced one pitch. 

In Fig. 3a, the link AB is a roller link and BC is a pin link. 


MACHINE-SHOP PRACTICE 


_ B will be called the forward pin and C the rear pin of the pin 
link. While the driving sprocket is turning through 1/N,; 
revolutions, C moves to the position B and seats itself between 
the next pair of teeth. In doing so, the link BC turns through an 
angle of 360/N, with respect to AB, and the pin B turns within 
’ its bushing the same amount. During this rotation, the bearing 
_ pressure between pin and bushing has been equal to the working 
load F of the chain. 

_ If dis the pin diameter, F the chain pull in pounds, and f the 
coefficient of friction, one bend of a pin link at the driver pro- 
* duces a frictional loss, in foot-pounds, of 


During this action, the roller has not turned between the 
teeth of the sprocket, nor has the bushing turned within its 
-roller. This pin comes into action on the driving sprocket 
_mN,/2L times per minute, where L is the total number of links 
in the chain, and 7, is the revolutions per minute of the driving 
sprocket. Hence, the frictional loss in foot-pounds per minute 
_on each forward pin over the driver is 


rd fF'ny 
24 1 


Now this same pin B which plays a part in the bending of a 
pin link over the driver, plays its part in the bending of a roller 
link when leaving the driven sprocket, Fig. 3b. In this case the 
pressure between pin and bushing at B is F lb at the end of the 
motion; but at the beginning of the turn it is less than F Ib 
as given in formula [11]. The average pressure in pounds 
during the turn is very nearly as in formula [12], as follows: 


3 _ {180 
sin @2 + 2 sin Ww + od» 


Ve 


_ {360 a 
5 at 
in N, 2 


where ¢» is the pressure angle corresponding to N2 teeth. Multi- 


rdfny 


plying by 5 AL 


minute on each forward pin over the driven sprocket is 


Av. pressure = i Se ato] 


ey 


as in [14], the frictional loss in foot-pounds per 


; 496i 180 
sir 2, In 
n de N 


ny/'360) & 
sir 
mn No + $2 


Assuming the average pressure angle during the life of the 
chain to be (26 deg — 92 deg/N2),* substituting this for ¢2, and 
adding formulas [14] and [15], we have for the frictional loss of 
each forward pin over both sprockets, in foot-pounds per minute 


rd fF'nz 
96 L 


Vee 


rdf F'n; 
96 L Nz 


By a similar process each rear pin of a pin link can be shown to 


4See A.S.A. Standard, B29a—1930. 
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undergo a rate of wear, in foot-pounds per minute over both 


sprockets, equal to 
92 88 
in | 26 — — } + 2sin | 26 + — 
sin ( 22) sin ( 6 =) 


268 
i 26 + — 
sin ( + a 


in which vm can be replaced by Nym/No, since n/n, = Ni/No. 

The projected area of the pin is dB, where B is the effective 
length of the bushing. If the sum of Equations [16] and [17] 
is divided by 2, we shall have the average foot-pounds per minute 
per pin lost in friction. If this is then divided by dB the result 


rdfF'ny 4 N2 
96 L M, 


(b) 


ANALYSIS OF WEARING CONDITIONS BETWEEN ROLLERS, 
BUSHINGS, AND PINS 

(a, Driving sprocket, b driven sprocket, and a chain in which a link on each 

sprocket is about to flex.) 


Bie: 3 


N, Teeth 
(a) 


Fic. 4 Tuts REPRESENTS THE SAME SPROCKET AND CHAIN AS IN 
Fie, 3 But ADVANCED ONE Pitcu 


will be the number of foot-pounds per minute per square inch 
of pin area lost in friction, namely, 


af F’ ny 


192 (16 + Ni/N2 ani) wee Sa nists 24 [18] 


where [16]and [17] represent the parenthetic portion of formu- 
las [16] and [17], respectively. 

For purposes of study, we must assume that the chain length 
bears a constant relationship to the size of the sprockets. As the 
minimum number of pitches in a practical drive is about equal 
to the sum of the teeth in the two wheels, we may put V; + Ne 
in place of Z in formula [18]. Also, since the expression for the 


etteeadnce ett substitute 

, ; = » we Can subdstl 

horsepower of a chain drive is 396000 

_ for Fn. Then the work of friction in foot-pounds 
4V1 


per minute per square inch of projected pin area is 


6480 fH 
BP 


GUL Nady etait toate 4a [19] 


where (./) is equal to the expression 
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/ 92 : 5, tele) 
5 + sin Ore + 2 sin HOSS se 


268 
Ni(Mi + No) sin ( + ay 


i 26 = + 2 si (x + =) 
5 + sin = Np sin YN, 


268 
N2(Mi + No) sin (20 + =) 
Nz 


— 


TABLEI2 VALUES OF M AND 7.35/MN2 


Teeth on A 
larger ————Teeth on smaller sprocket. 
sprocket 12 16 20 30 60 
0.029152 0.02220 0.01792  ..5.5 enn 
20 0.030626 0.02293 0.01886 .....  ..... 
0.01953 0.01492 0.01209 0.00819 .«.««. 
30 0.02043 0.01533 0.01224 0.00817 ..... 
0.01465 0.01121 0.00910 0.00619 ..... 
40 0.01533 0.01147 0.00918 0.00612 ..... 
0.00974 0.00747 0.00607 0.00414 0.00212 
ce 0.01021 0.00767 0.00612 0.00408 0.00204 
0.00582 0.00447 0.00363 0.00248 0.00128 
100 0.00612 0.00459 0.00367 0.00245 0.00122 


@ Upper figures are values of M. » Lower figures are values of 7.35/MN2. 

Values of this quantity, M, for various combinations of M; 
and Nz are found to be very close to those obtained from the 
simple expression 7.35/NiN2. In the body of Table 2, the upper 
figures are values of M and the lower figures are values of 7.35/ 
NiNe. It is evident that without serious error we can put this 
shorter expression in place of M and simplify formula [19] thus: 

Work of friction in foot-pounds per minute per square inch 
of pin area is 


47628fH 


Ly) scseo ncaa 20 
BPNN; (nearly) [20] 


where the chain length = NM; + Ne pitches. But for any other 
chain length, Ly, the work lost in friction between pins and 
bushings is 


47628fH _ Ni + Ne 
BPN,N2 Lp 


where Ly is the actual chain length in pitches. 

Assuming that chain elongation is proportional to the unit 
wear between pins and bushings, and that unit wear is propor- 
tional to the work of friction per square inch of projected pin 
area, the value of the expression in any one of formulas [18], 
(19], [20], or [21] is proportional to the rate of elongation of the 
chain due to wear between pins and bushings. 

An inspection of formulas [18], [20], and [21] shows that the 
rapidity of chain elongation varies directly as the chain tension, 
the sprocket speed, the coefficient of friction, and the horse- 
power. It varies inversely as the chain length, the bushing 
length, the pitch, and, very nearly, the product of the numbers 
of teeth in the two sprockets, assuming that L = N, + Nz. 
It is independent of the pin diameter providing that the di- 
ameter is sufficient for strength and for proper bearing area. 
It also appears that if NV; and N» are interchanged in the formula, 
the value of the expression is not changed, and so we can con- 
sider N; as the number of teeth on the smaller sprocket regard- 
less of whether it is the driving or the driven wheel. 

Maximum Horsepower. In order to derive a formula for use 
in the selection of a chain for a given horsepower, sprocket speed, 
and number of teeth on driving and driven wheels, let it be as- 
sumed tentatively that the chain length L will be equal to the 
minimum of N; + WN, links. In the average drive this will be 
somewhat greater, but the difference will be on the side of safety. 


‘ 


Let it be further assumed that the maximum rate of wear 
(expressed in terms of the work of friction) should not exceed, say, 
44 ft-lb per min per sq in. of projected pin area, and that the 
coefficient of friction f is 0.04. Then, 44 will be the maximum 
value of 


47628 X 0.04 X H 
BPN\N2 


Whence, max hp = 0.023 BPN\Ng.................:. [22] 


It should be noted that the constant 0.023 is arbitrary and 
can be increased or decreased depending upon what may be 
considered a reasonable rate of wear. 

For a chain whose length is other than N; + WN, links, the 
horsepower determined from [22] should be multiplied by 
L,/N: + No, where Lp is the number of links or pitches in the 
chain. 

Maximum Unit Bearing Pressure on Pins. From formula 
[22] it might appear that the amount of power that a given 
chain drive can transmit satisfactorily depends only upon the 
pitch, the bushing length, the number of links in the chain, and 
the product of the number of teeth in the two sprockets. This 
would mean that the horsepower is independent of the pin 
diameter and of the chain velocity. If, however, the chain 
velocity is too low, the working pull on the chain may become 
very high and produce an excessive bearing pressure on the pins. 
The pressure per square inch of projected pin area should not 
exceed 5000 to 6000 lb for standard roller transmission chains. 
33000H 


VBd 
projected pin area, and if this is put equal to 5000 lb as a maxi- 
mum, we have 


The unit pressure on a pin is equal to where Bd is the 


max hp — 05162) Bdisee eee [23] 


It now appears that the maximum horsepower of a drive 
whose chain contains NV; + WN, links is the lesser of the two values 
obtained from formulas [22] and [23]. 

Centrifugal Pull in Chain. The extra pull in the chain in 
pounds due to centrifugal force is 


_ WrV? 
* 115920 


Where Wr is the weight in pounds per foot of chain, and V is the 
chain velocity in feet per minute. This formula is derived in 
the following way. The well-known expression for the tension 
induced in a belt by centrifugal force is Wv?/g lb; where W is the 
weight of a strip of belt 1-ft long and 1 sq in. cross-section, v 
is the belt velocity in feet per second, and g is the force of gravity. 
If V is the velocity in feet per minute, 


iS °4) ___WrV?_ _ WV? 
v? = |—] and F, = ————- = —— 
60 3600 X 32.2 115920 


This extra chain pull imposes an added horsepower load 
equivalent to: 


Via ea WrV? 
33000 33000 ** 115920 
WpV8 
Hence, irifigal bp. 25 
: Se eee OP = 2 89% 560,000 a 


This amount of power is not actually added to that required by 
the chain; but its effect on the rate of wear of the chain is the 
same as if that amount of extra power actually were being trans- 
mitted. The only additional demand upon the source of power 


z 


) 


MACHINE-SHOP PRACTICE 


is that required to overcome the extra friction due to such an 
increase in the load; and this is comparatively small. 

If formulas [22] and [23] are to express the maximum power 
that can be transmitted by a given drive without producing 
excessive wear or excessive pin pressure, this centrifugal horse- 
power must be deducted from that given by these formulas. 
We now have, for a drive using a chain containing Ni; + Ne 
links, the lesser of the values found from the two formulas: 


WpV? 
max hp = 0.023BPN,N, — ——————_-....... 2 
‘ V2 ~ 3 825,360,000 126] 
3 
axe Bpae OMSL pete a ee [27] 


3,825,360,000 


HorserpowbR Tasies Basep on CHAIN VELOCITY AND THE 
Propuct N; X N2 


The horsepower values yielded by the two formulas, [26] and 
0.1513PN,N2 


d 
Table 3 shows horsepower values for various values of N,N 
and various chain velocities for 1-in.-pitch standard roller chain 


[27], are equal when V = 
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And if the tangential distance is an exact multiple of the pitch, 
the elastic stretch is a minimum and equal, in inches, to 


Ni 
6 = D, sin 6 — Dz sin — 
z 2 81 Np 


N 
where sin @ = \ 1— a and D; and D, are the pitch diameters 


aD, 
of the smaller and larger sprockets, respectively. 

A part of this stretch may be absorbed by the films of lubricant 
between the pins and bushings if the working load is not too 
great, and a part is taken up by an elastic stretch in the chain 
itself. This induces stresses in the chain over and above those 
due to the working load, and these stresses are inversely pro- 
portional to the length of the chain span and directly propor- 
tional to the elastic stretch. Hence, a short center distance 
should not be combined with a low number of teeth on the 
sprockets. A safe rule for the minimum center distance is 20 
pitches. This insures that the minimum span of the chain from 


TABLE 3 HORSEPOWERS FOR STANDARD ROLLER CHAIN NUMBER 802 


) 


Chain velocity in fpm 
194 24 31 


Ni x Na 48 60 78 97 121 155 2 0 388 485 620 775 1200 1600 
100 OL Ol  OYSW Ot DO Paik) A PO ROD ALC AG LLORAS Ty a 
125 SF Oteere Clue 2.5), 2.ble «2 oy 2-51, y 2.5) 2.61 2.50 2.49 2,46 2.41 2.31 1.77 Ls 
160 BGl 2 oly aoe eres aoe 982298522 Bic22 aol 1 Oho OMENS a 7AS E12 MSHO2) 2048 8) ads 
200 2.01 2551" 122) ) 402) 44102 4.02) 4.02 A’ 02) AO les cO0 mESSOTM ISeO2N 3.82. 3.2889) 2890 
250 Si, esl eel) Lo TARE, Fase) Ghre 5.03.) ORO mem OlNNEN4 9816493 e483) 0429 08 69099 
320 2.01 2.51 3.22 4.02 5.03 6.44 6.44 6.44 6.43 6.42 6.89 6.34 6.24 5.70 4.70 
400 2.01 2.51 3.22 4.02 5.03 6.44 §.04 5.04 eS e03 ents) O20 75008750400 72840 72S0NNGE30 
500 201 2/51 3.22) «4.02 5203" '6.44.°«9S-04 10.0 1050) 10.0 10.0 9.95 9.85 9.31 8.31 
640 Di Bist 8.0 AC GR Be OC SR SOR SR SR GU ibe sabe akin 
800 DA OUMEEO 5 1meEES To 2M Ole LOSMEOT44) GeShO4 10.0 12-Sieievon 16.0. 16,0)" 16:9 15.3) 14:9 
1000 DOLE DLS 22a 4c O2mnnn 5. 0Smmn6244.eSs02)) 10.0) /)12, 85) 61650) 20,08 2050) 19.9) 194 1814 
1280 SLOTS DL boo wenden O02 5.0306. 44, 8-04 «10.0 12.8 16.0) 20:0 250m 25-6 25.0 24.0 
1600 DION) 6 TES oe e020 5 0306. 44st 04 1 °10.0' 12:8 16/08 <2050) 25k6) 31,9) 31.4 30.4 


®P=1in, B= 


No. 80. Where the chain length is other than N; + Ne pitches, 
the tabulated horsepowers above the heavy line should be 
multiplied by the actual chain length in pitches and divided by 
Ni + Ne, but they should not be multiplied by more than 1.5 
nor should they in any case exceed those shown in the same 
column below the heavy line. For chain velocities below 
100 fpm, the horsepower is proportional to the velocity. 

Values of NiN2 lying between 400 and 1000 will probably 
comprise 80 per cent or more of all chain drives in use. Any 
value of NiN2, such as 720, may stand for a number of combina- 
tions, such as8 X 90; 15 48; 18 X 40; ete. 

Not all of these possible combinations will make satisfactory 
drives. For example, 10 teeth combined with a chain velocity 
of 1000 fpm or 16 teeth combined with a velocity of 1500 fpm 
would not be good practice because these velocities are beyond 
those given as the maximum in Table 1. 

Elastic Stretch in the Chain. Due to the polygon effect in 
sprocket action, the angular speed ratio between the two wheels 
tends to vary between a maximum and a minimum during the 
passage of each tooth. But due to the inertia of the wheels and 
their attached masses this variation is resisted, and the result 
is that in order to compensate for the polygon action there must 
be a rapid succession of changes in the length of that portion of 
the chain which spans the distance between the two sprockets. 
This elastic stretch is greatest when the tangential distance 
between the sprockets is an odd multiple of half the pitch; 
in which case it is very nearly equal, in inches, to 


0.875 in., d = 0.312 in., roller diameter = 0.625 in., and Wr 


= 1.63 lb. 
the driving to the driven sprocket will generally be between 
17 and 20 pitches. 


HorRSEPOWER TABLES BasEeD ON SPROCKET SPEED 


In most cases of chain drive calculations, the known quantity 
is the revolutions per minute of the smaller sprocket rather 
than the chain velocity; and so a more convenient and informa- 
tive table for reference would be one in which the sprocket 
speeds are read at the top of the table and various combinations 
of teeth are listed in the left-hand column, as shown in Table 4 
which is calculated for the same chain (No. 80) as in Table 3. 

Tables of this sort should be much more extensive than Table 
4, but their greater usefulness offsets the disadvantage of cum- 
bersomeness. 

For the computation of such tables, the necessary data are the 
pitch P, the bushing length B, the pin diameter d, and the weight 
per foot Wr. Then, putting V equal to PNym/12 in formulas 
[26] and [27], we have for the horsepower the lesser of the two 
values, 


WrP3N,3n\8 
tne OO aE EN = a eee 28 
Dime ~~ 6,609,081,600,000 (28) 
PN ,3n,3 
eee eae [29] 


6,609,081,600,000 


This assumes a chain length of N; + N». But a more reason- 
able chain length is one that will make the center distance be- 
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TABLE 4 HORSEPOWERS FOR STANDARD ROLLER-CHAIN NUMBER 80? 
Cent. 
dist. Speed of the smaller sprocket, rpm 

M Ne Lp (pitches) 162 183 202 225 252 281 313 348 386 433 487 547 940 
15 15 56 20.50 8.42, 8.490 S Sra mmonad 8.41 3140.5 68939. <SiSSerens: oil mS Eolas oS ee Vee 
15 18 58 20.74 8.42 On528 Oram 9.51 9.51 9.50 9.39 9.38 9.37 9.32 9.32 9. 25 bao ne 
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tween the sprockets approximately 20 pitches. This will be 
accomplished if the chain length is made equal to 38 + 0.6 
(N, + No») pitches for all values of NV; + Ne less than 95, but 
equal to N; + Ne when the sum exceeds 95. 

Formula [28], then, can be used when NV; + No» is over 95, 
but for values of 95 and less, the first term of [28] must be 
multiplied by the quotient of 388 + 0.6(V, + N2) divided by 
N, + N2 and the formula will then be 

Ro 99 FIDEN Se 
hp = 0.0138 pani ( See 1) Ld ES 


6,609,081,600,000 


~\N + Ns 


Table 4 gives horsepower values for drives using 15 teeth on 
the smaller wheel, and also for drives using 19 teeth. Values of 
N. are chosen for convenience in an approximate geometric 
series. Values for the revolutions per minute may be arbitrarily 
chosen, but in the first half of this table they were computed 
from the formula 

:) 
. 


for the several values of No, so that the horsepower found from 


formula [80], for any given value of Ny, would be equal to that 


63.33 
Ni + Ne 


rm = 


1.0866 V2 
d 


found from formula [29] using the corresponding value of m. 
This determines the location of the heavy lines, below which 
are the horsepower values based upon a maximum unit pin 
pressure of 5000 lb and calculated from [29]. All values above 
the heavy line are calculated from formula [30], except where 
N, + N» is greater than 95, in which case, formula [28] is used. 
For convenience in this case the same values of revolutions per 
minute have been tabulated for 19 teeth as for 17 teeth. 

In tables previously published it has been customary to re- 
duce the allowable pin pressure as the speeds increase. It can 
be shown that the actual rubbing distance in feet per minute 
between any pin and bushing acting over both sprockets is 


rdny (Ni i No) 
12 NoLp 


This is the expression for the average rubbing velocity. It gives 
3.06 fpm for No. 80 chain with 10 and 10 teeth at 940 rpm; 
and it gives 0.96 fpm for the same chain with 16 and 100 teeth 
at 940 rpm. As we have numerous examples of punch-press 
pressures ranging from 5000 to 7000 lb at more than 100 fpm 
rubbing speed, it would seem that there is no theory supporting 
a gradual reduction of unit bearing pressures in chains where the 
maximum rubbing speed is as low as 3 or 4 fpm, and where the 
periods of rest are relatively much greater than in punch presses. 
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Radiation Intensities and Heat Transfer 


by Radiation in Boiler Furnaces 


By HUBER O. CROFT! anp C. F. SCHMARJE,? IOWA CITY, IOWA 


This paper describes the development of an absorption 


’ calorimeter with a fused-quartz window and discusses its 


use in connection with a series of boiler tests. The results 
of these tests are compared with the Hudson-Orrok formula 
and the Wohlenberg method of computing radiation 
heat transfer. 

A tentative empirical equation is given for computing 
radiation intensities, taking into account the dirtiness of 
the cold surfaces. Tentative formulas are also given for 
computing the average heat transfer by radiation in boiler 
furnaces. 


HERE have been several methods suggested for the 

computation of the radiant-heat exchange occurring in 

boiler furnaces. Of these, probably the best known are 
the Hudson-Orrok formula, and the Wohlenberg method. 

The purpose of this investigation is, first, to secure experi- 
mental data which will serve as a basis for comparing the results 
obtained by the two methods of computation mentioned above, 
and, second, to arrive at a simple empirical equation to fit these 
data. 

The method consisted of determining, experimentally, the 
intensities of radiation at various locations inside a boiler furnace 
during a series of boiler tests.? For this purpose there has been 
developed a quartz-window radiation calorimeter. 


DESCRIPTION OF THE RADIATION CALORIMETER 
AND Its CALIBRATION 


Description of the Calorimeter. The principle of operation 
of the radiation calorimeter developed for this investigation 
is to absorb in a stream of water, the radiant energy passing 
through a fused-quartz window. The energy absorbed by the 
water is indicated by the increase in the temperature of a mea- 
sured quantity of flow. 


1 Professor and Head of Department of Mechanical Engineering, 
University of Iowa, Iowa City, Iowa. Mem. A.S.M.E, Professor 
Croft received the B.S. degree from the University of Colorado in 
1918, and M.S. from the University of Llinois in 1925. He served 
on the faculties of the University of Illinois and Stanford before as- 
suming his present responsibilities. Professor Croft represented the 
Society at a joint meeting with the Mexican Society of Engineers 
in Mexico during the summer of 1934. 

2 Graduate Student in Mechanical Engineering, University of 
Iowa. Jun. Mem. A.S.M.E. Mr. Schmarje received the degree of 
B.S. in M.E. from the University of lowa in 1932. Following his grad- 
uation he was research assistant in mechanical engineering, engaged 
in work relating to the utilization of Iowa coals. He received the 
M.S. degree in 1934. At present he is pursuing post-graduate work 
in an experimental investigation of heat transfer by radiation in 
boiler furnaces. 

3 These tests were conducted in cooperation with the Committee 
on Utilization of Iowa Coal. A report of these investigations will 
be made in the near future. 

Contributed by the Fuels Division for presentation at the Semi- 
Annual Meeting, Cincinnati, Ohio, June 19 to 21, 1935, of Tue 
AMERICAN Socrmry or MrecHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be 
accepted until July 10, 1935, for publication in a later issue of 
Transactions. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


The calorimeter is shown in Fig. 1. The pyralin-walled, 
water chamber, A, is surrounded by an air chamber, except at 
the front end, which is closed by means of the fused-quartz 
window W, held in place by an aluminum tube 7 against a 
bakelite partition D. This partition in addition to being the 
support for the inner assembly, consisting of the absorption 
chamber and its surrounding air chamber (shown in detail in 
Fig. 1-A), is also the boundary between the front cooling 
chamber F and the rear cooling chamber R. Into the rear of 
the outer copper shell S is screwed an iron water-cooled pipe P, 
through which are led the water tubes to the absorption and 
cooling chambers, A, F, and R, together with the thermocouple 
leads. 

The thermocouples for the main chamber are made of No. 22 
copper and constantan wires with the junctions formed by solder- 
ing the two wires together. These couples are insulated with a 
thin layer of pyralin and sealed into the inlet and outlet pyralin 
water tubes of the absorption-chamber A. These couples were 
calibrated in air, and in flowing water before installation, and the 
calibration was checked after assembly in the tubes. 

The thermocouple leads, insulated with silk and two coats 
of varnish, are carried out through a glass tube to the rear of the 
supporting pipe, P. 

Operation of the Calorimeter. In operation, the three cham- 
bers, A, Ff, and R were supplied with water from a constant 
level tank. The flow through the absorption chamber was regu- 
lated to about 30 to 35 lb per hr, which should give turbulent 
flow about the outlet thermocouple. 

The electromotive forces of the couples were determined against 
a third copper-constantan junction placed in a thermos jar of ice 
water, by means of a Leeds and Northrup precision potentiome- 
ter; the electromotive forces were determined for both the 
inlet and the outlet thermocouple about 15 separate times in 
the course of observations of approximately six minutes duration, 
readings being made to 0.005 millivolt, corresponding to a tem- 
perature interval of 0.2 F. 

The water discharged from the absorption chamber was 
collected in a calibrated glass flask, the time of collection being 
noted with a stopwatch. The probable error in the water-rate 
determinations is less than one-half of 1 per cent. 

Calibration of the Calorimeter. The calibration of the calorime- 
ter consisted in comparing the radiation received by the calo- 
rimeter from an electrically heated carbofrax plate, with that 
received by a special ‘‘black-body” absorber in the same location. 

The black-body absorber was similar to those which have been 
used by H. C. Hottel and J. D. Keller, and by E. Schmidt.® 
It consists of a cylindrical cavity C, Fig. 2, with blackenea walls 
which are surrounded by a water chamber W. Pyralin-insulated, 
copper-constantan thermocouples are sealed in the inlet and 
outlet tubes of the water chamber. The outer walls of the water 
chamber, W, are thermally insulated with 85 per cent magnesia. 
Water-cooled shields F, and O, protect the absorption chamber 


4 “Pffects of Reradiation on Heat Transmission in Furnaces and 
Through Openings,’ by H. C. Hottel and J. D. Keller, Trans. 
A.S.M.E., vol. 55, 1933, paper IS-55-6-39. 

5 “Die Warmestrahlung von Wasser und Eis, von bereiften und 
benetzten Oberflachen,” by E. Schmidt, Forschung auf dem Gebiete 
des Ingenieurwesens, vol. 5, 1934, p. 1. 
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from radiation at the front and sides, and define the opening 
of C, which is of the same size as the opening of the quartz- 
window calorimeter. 

The calibration arrangements are shown in Figs. 3 and 4. 
In Fig. 3, the absorption of the black body was determined for a 
series of different temperatures of the heated plate, as indicated 
by the chromel-alumel thermocouple imbedded in the front 
surface of the hot-plate. Then in another series of tests (Fig. 
4), the absorption of the radiation calorimeter with the quartz- 
window was determined for the corresponding hot-plate tempera- 
tures. A special water-cooled shield was used with the quartz- 
window instrument in order to duplicate the shape of the black- 


ARRANGEMENTS 
body absorber. 


The calibration data are shown in Fig. 5. In these graphs the special black-body absorber, have been plotted against the 
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‘ 
. 


the energy absorbed by the quartz-window calorimeter, and by radiation intensity at the surface of the hot plate. The radiation 


' 


ae 


intensity has been computed by 


means of the Stefan-Boltzmann 


law, which may be expressed as 


I = 0.172 X 0.92[(T;/100)* 


=—a( af lOO) Alereteteiet [1] 


in which J is the radiation in- 
tensity in Btu per sq ft per hr; 


0.172 is the radiation constant; 


0.92 is the emissivity of the hot 


‘plate as determined experimen- 
tally in an earlier investigation ;® 


Ty is the absolute temperature 


j 
. 
| 
‘ 


_ of the surface of the hot plate as 


measured by the chromel-alumel 
thermocouple; and 7. is the 


absolute temperature of the re- 


ceiver. 
It will be noted in Fig. 5 that 


the energy absorbed by the 


black-body absorber is directly 


proportional to the radiation 


intensity 7. Also, the energy 


_absorbed by the quartz-window 


in Boiler Furnaces,” 


‘instrument is apparently propor- 
‘tional to the radiation intensity J. 

The ratio between the energy 
absorbed by the quartz-window 
instrument and the energy which 
would be absorbed by the spe- 
cial black-body absorber is 0.464 
from Fig. 5. The calibration 
equation for the quartz-window 
instrument is 


6 ‘The Construction and Cali- 
bration of an Instrument for the 
Measurement of Radiant Energy 
by. :-2: 


_ Meade, Thesis, State University of 


Iowa, 1934. 
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Fie. 6 CALIBRATION CURVES OF THE QUARTZ-WINDOW 


CALORIMETER AND THE BLACK-Bopy ABSORBER 


Fia. 6 Cross-Section or BoILer, STOKER, AND SETTING, SHOWING 
THE LOCATION OF THE OBSERVATION Doors 


I = M/0.464 = 2.155M................ [2] 


in which 7 is the radiation intensity in Btu per sq ft per hr; 
and M is the measured energy-absorption rate of the calorimeter 
in Btu per sq ft per hr. The radiation intensity, J, which has 
been studied in this investigation, is the rate of radiant-energy 
absorption in Btu per sq ft per hr, which would be experienced 
by a perfectly black surface at 90 F. 

It was the object of the calibration tests to have the two 
arrangements of Figs. 3 and 4 such that it would not be neces- 
sary to determine the exact temperature of the front surface of 
the hot plate, but to use the temperature as indicated by the 
chromel-alumel thermocouple as a guide to show when the true 
surface temperatures were identical in the two separate arrange- 
ments. 

Then, for a given hot-plate temperature, the energy absorbed 
by the quartz-window calorimeter could be compared directly 
with that received by a black-body absorber of similar size for 
the same radiation intensity. Thus the calibration does not 
depend upon the accurate determination of the temperature at 
the exact boundary of the hot-plate, nor upon geometrical 
“form factors.” It depends, rather, almost wholly upon how 
nearly the so-called black-body absorber approximates a true 
black body (which absorbs all incident radiation, reflecting none) 
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TABLE 1 ACTUAL RADIATION INTENSITIES,® I? suppose that the resultant emissivity is about 0.98. 
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te Erase eo “tiny Sal eal time. 
55 036.6 49.2 50.0 44.4 41.4 425 51.9 Be 44.1 
Crane en ore Senor: aio ae eye Hee: APPLICATION OF RADIATION CALORIMETER TO 
BS ae ad BA Borer TrEsts 
83 41.6 70.1 52.1 43-6 50:1. _ 40,0557. Re omen 49.5 Description of Boiler and Furnace. The tests herein 
Be ore 30.4 ae described were conducted on a steam-generation unit 
a 28:9 73.3 ae oe 316 62.6 ms 78-0 62.0 equipped with an underfeed stoker, located in the 
es Seti iv/> = ‘ : 
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@ All intensities expressed in thousands of Btu per sq ft per hr. 
bT = 2.155 M, see Equation [2]. 
¢ For location of various doors see Figs. 6 and 13. 


It has been assumed in the foregoing discussion, that the 
emissivity of the black-body absorber (Fig. 2) is 1.00, i-e., that 
the absorber is a true black body. Actually, the emissivity 
might be slightly less than unity. The emissivity of the inner, 
acetylene-soot-covered surfaces is about 0.945.7 But the net 
emissivity of the cavity is considerably greater than the indi- 
vidual emissivities of the surfaces which form its walls, because 
the absorbing surfaces form an inclosure, and since the amount of 
incident radiation which is not completely absorbed at the 
blackened surface which it strikes inside the cavity will be more 
likely to be absorbed at another part of the blackened surface 
than to escape through the front opening. It is reasonable to 

7 “Surface Heat Transmission,’ by R. H. Heilman, 
A.S.M.E., vol. 51, 1929, p. 289, paper FSP-51-41. 
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furnace is 336 sq ft. The total wall area of the furnace is 835 sq 
ft, so the “fraction cold” of the furnace is 336/835, or 0.402. 

Radiation Observations. Radiation observations were made 
through ten special observation doors, during a series of 8-hr 
boiler tests. The locations of these doors are shown in Figs. 6 
and 13. 

During an observation, the radiation calorimeter was placed 
in the observation door as shown in Fig. 7. The water rate in 
the absorption chamber of the calorimeter was determined by 
noting the time required to fill a calibrated glass flask B (Fig. 7) 
to a mark on its narrow neck, while the electromotive forces 
of the inlet and outlet thermocouples were determined con- 
tinuously by means of the potentiometer shown. During a 
single observation, lasting about six minutes, about 15 sets of 
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temperature determinations were made, of which, the average 
values were used in determining the temperature increase of the 
water. 

The actual radiation intensities as measured and corrected 
by Equation [2], are shown in Table 1. The average value of the 
radiation intensity for each boiler test, shown in Table 1, is the 
arithmetic average of all the observations made in all the doors. 
For this paper, no attempt has been made to determine a weighted 
average; the authors believe that the system of averaging here 
used is best for the purposes of this paper, because the radiation 
intensity was not constant at the various observation points 
throughout an entire test. 
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Computations of Radiation by the Hudson-Orrok Formula. 
There are shown in Table 2 the average heat-transfer rates 
by radiation, as computed by means of the Hudson-Orrok 
formula. These heat-transfer rates are plotted in Fig. 9. The 
quantity U in this table is the hea*eleased in the furnace per 
Ib of fuel burned. U also enters intc ‘he calculation of radiation 
by the Wohlenberg method, and is computed in Table 3, in which 
it is shown as the calorific heating value of the fuel, in Btu per 
lb, minus the losses due to (a) incomplete combustion of carbon 
to carbon-dioxide, (b) combustible in the refuse, and (c) evapora- 
tion of moisture. 

Computations of Radiation by the Wohlenberg Method. In the 
computations of furnace heat balances by the Wohlenberg 
method,*!%!1 as shown in Table 3, some shortcuts have been 
taken, the most important one being in evaluating the solid 
angles which enter into the computations of the radiation co- 
efficients. The “fraction cold” for the furnace used in these 
tests was found to be 0.402. This corresponds to the Type B 
cubical furnace mentioned by Wohlenberg and Lindseth, which 
has one wall and the top cold. It has been assumed that the 
furnace in question is approximately represented, in so far as our 


- purposes are concerned, by the Type B furnace, even though 


its shape differs from that of a cube. Hence the values for the 
various solid angles have been taken for those quoted for the 
Type B cubical furnace. 

The radiation from the carbon dioxide and water vapor 
present in the burning gases is a function of the temperature, 
and of the product of the percentage concentration and the 
thickness of the radiating gas; this product may be expressed as 
c = ps/328, where p is the percentage by volume of the carbon 
dioxide or water vapor, and s is the thickness of the gas column 
in feet.1° For a given temperature, the radiation from these 
gases increases with the factor c, until c = 0.15. Any further 
increase of c above 0.15 produces no increase in the radiation 
intensity from the gases at constant temperature. 

In all the boiler tests of this investigation, the factor c was 
greater than 0.15 for both the carbon dioxide and water vapor; 
hence, the radiation from these gases could be plotted as a func- 
tion of the temperature alone. 

The radiation term in the heat balance for this furnace, 
then, may be plotted as a function of the “mean flame tem- 


8 “Radiation in Boiler Furnaces,’’ by Geo. A. Orrok, Trans. 
A.S.M.E., vol. 47, 1925, pp. 1148-1155. 

§ “Radiation in the Pulverized-Fuel Furnace,’’ by W. J. Wohlen- 
berg and D. G. Morrow, Trans. A.S.M.E., vol. 47, 1925, p. 127. 

10 **The Influence of Radiation in Coal-Fired Furnaces on Boiler 
Surface Requirements and a Simplified Method for Its Calculation,” 
by W. J. Wohlenberg and E. L. Lindseth, Trans. A.S.M.E., vol. 
48, 1926, p. 848. 

11 Complete details of the computations and boiler test data are 
given in a thesis, ‘‘Radiation in Steam Boiler Furnaces,’ by C. F. 
Emestie, which is on file in the library of the State University 
of Iowa. 
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TABLE 2 VARIOUS FACTORS USED IN COMPUTING RADIATION 
BY THE HUDSON-ORROK FORMULA 


Test No. A Cr Bw U Xa 
53 8.83 16.88 0.427 9209 67100 
54 9.32 13.05 0.447 9639 56300 
55 8.65 12.83 0.466 9383 56100 
S2 10.24 11.69 0.430 10185 51200 
S3 10.22 15.61 0.400 9209 57500 
56 8.85 12.32 0.474 8375 49000 
57 8.42 14.45 0.456 8475 55900 
58 9.51 16.80 0.409 8874 61000 
59 8.35 17.36 0.437 8790 66600 
60 9.06 13.33 0.449 8514 51000 
S5 8.92 14.62 0.416 9888 60100 
S6 10.45 10.59 0.443 10385 48700 
S7 9.50 13.90 0.433 9894 59600 
S8 9.70 14.38 0.424 9821 59900 
S9 9.77 12.35 0.430 9997 53000 

S10 9.49 14.75 0.426 9708 60900 
S11 10.82 10.13 0.440 10408 46300 
$12 10.48 12.40 0.422 10316 54000 
$13 8.75 15.03 0.452 9296 63200 
S17 9.94 14.88 0.443 9674 63700 
S18 10.16 15.83 0.448 10203 72400 
69 9.11 13.55 0.446 9965 60100 
70 7.65 15.83 0.469 10572 78500 
71 9.55 11.98 0.394 8704 41100 
72 9.92 12.86 0.431 8772 48600 
78 8.65 14.42 0.452 8995 58600 
79 9.40 12.30 0.450 9539 52900 
80 8.99 15.90 0.447 9364 66500 
B= pele = fraction of energy released which is transferred to 
+a AV Gr the cold surfaces in the furnace by radiation. 
27 
A = |b of air per lb of fuel. 
U = heat release per Ib of coal. 


Xh = CrU | ———__ | = heat transfer rate by radiation, Btu per 
AV Cr sq ft per hr. 
-- a as 
Cr = fuel burned, lb per hr per sq ft of water-cooled surface exposed to 
radiation. 


perature” as shown in Fig. 8. From this graph, the total value 
of the radiation term may be determined for any assumed mean 
flame temperature. 

The solution of the heat-balance equation consists of finding 
the mean flame temperature, Tu; for this temperature, the 
energy released in the furnace per hr (called GU in Table 3) 
is equal to the sum of the three quantities, (a) the radiation 
term, Q;, (b) the heat transferred by convection to the surfaces 
exposed to radiation (except for that radiant surface in the 
aperture through which the gases leave the furnace), and (c) 
the sensible heat of the products of combustion leaving the 
furnace at the mean flame temperature (represented in Table 3 
by 2GpAhs). It was usually possible to select the correct mean 
flame temperature after a choice of three or four values. 

The radiation-heat-absorption rates as computed by the 
Woblenberg method are shown in Fig. 8. It is interesting to 
compare the results calculated from the same data using the two 
different methods. 


Discussion or Test Resvutts 


Effect of Dirty Surfaces. In Fig. 10, the measured average 
radiation intensities are plotted against the energy release rate 
in the furnace. The measured radiation intensity, according to 
Fig. 10, varies considerably with constant energy release rate. 
This effect was noticed early in the tests, when it was found 
that the variation was due to the difference in dirtiness of the 
water-cooled surfaces in the furnace. 

Attempts were made to estimate, in each of the tests, the 
fraction of the radiant surface which was covered with slag or 
ash. The covering on the tubes was found to consist mostly 
of patches of powdery ash, between !/s in. and 1!/g in. in thick- 
ness. At times, after the boiler had been operated at high ratings, 
the slag-drip tubes of the side walls were covered with slag. 
In Table 4 are listed the values of the furnace dirtiness D, which 
is the estimated fraction of the total water-cooled surface in the 
furnace that is covered with slag or ash. Fig. 11 shows a portion 
of the rear water wall, which the authors estimate to be about 
0.4 covered with ash, i.e., D = 0.4. 
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In Fig. 10 curves of equal dirtiness, D, have been drawn 
' for the furnace clean (D = 0), slightly dirty (D = 0.1), moder- 
ately dirty (D = 0.2), and very dirty (D = 0.4). Since there 
_ was a similarity between the constant dirtiness curves and the 
_ Orrok curve of Fig. 9, and also an increase in intensity with D, 
at a given energy-release rate, a tentative formula (based upon 
the Hudson-Orrok formula) for calculating the average radiation 
intensity has been derived. 
The proposed formula is as follows: 


0.5 +1.7D 
1 AVG, 
Shere, 


Li (CHUL 


in which J is the average radiation intensity at the furnace 
walls in Btu per sq ft per hr; U is the energy release per lb of 
- fuel burned as found by subtracting from the heating value of 


MILLIONS OF BTU PER HOUR. 
ns 


Qa = HEAT TRANSFER BY RADIATION 


10 
q 
2100 2200 2300 2400 2500 
| MEAN FLAME TEMPERATURE 7 °F 
Fie. 8 Hear TRANSFERRED BY RADIATION AS COMPUTED BY THE 
. WoHLENBERG MetTHOD 


_ the fuel the losses due to unconsumed carbon, evaporation of 
moisture, and combustible in the refuse; A is the lb of air 
entering the furnace per lb of fuel burned; C;, is the fuel burned, 
) 
{ 


TABLE 4 DIRTINESS FACTORS, D 


Test No. D Test No. D 

53 0.1 70 0.4 
54 0.1 $8 0.4 
55 0.1 s9 0.2 

$2 0.1 S10 0.2 

$3 0.1 Sil 0.1 

56 0.4 $12 0.1 

57 0.4 S13 0.1 

| 58 0.4 817 0.0 
59 0.4 $18 0.0 

60 0.4 71 0.1 

S5 0.4 72 0.1 

S6 0.4 78 0.1 

87 0.4 79 0.1 
69 0.4 80 0.15 


J Ib per hr per sq ft of projected cold surface exposed to radiation; 
_ and D is the fraction of the cold surface in the furnace which is 
- covered with slag or ash. 

It is to be noted that Equation [8], here tentatively pro- 
posed, gives “radiation intensity,’’ as contrasted to “‘heat- 
transfer rate” by radiation. The two quantities may be very 

nearly equal for a clean furnace, but for a dirty furnace the 
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4 HUDSON-ORROK ~FORMULA 
© WOHLENBERG METHOD 


COMPUTED HEAT ABSORPTION RATE BY RADIATION 


7 18 19 c<e) 2 22 23 24 25 
THOUSANDS OF BTU PER HOUR PER. CUBIC FOOT 


ENERGY RELEASE RATE IN FURNACE 


Fie. 9 Raprant-Heat-ApsorPTION Ratns COMPUTED BY THE 
Hupson-Orrok ForRMULA AND THE WOHLENBERG METHOD 
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average radiation intensity is probably much greater than the 
average heat-transfer rate by radiation. 
Heat-Transfer Rates by Radiation. Having found an equation 


112 


for radiation intensities, it is possible to predict an approxi- 
mate equation for the average heat-transfer rates by radiation. 
A perfectly black, cold surface placed in the furnace would absorb 
heat by radiation at a rate equal to the radiation intensity J, 
given by Equation [3]. But the cold surfaces employed in the 
furnace probably absorb only about 95 per cent of the radiation 
which a perfectly black surface would at the same temperature.® 


Fie. 11 A Portion or THe Rear WatTER WALL (D = 0.4) 


Hence, for a clean furnace, the average heat absorption by radia- 
tion would be 95 per cent of the radiation intensity. For a clean 
furnace (D = 0), the equation for the average heat-transfer rate 
by radiation would be 


0.5 


xX = 0.95 C,U Na ar a pe 
ts AVC; 
27 


Those parts of the water-cooled surfaces which are covered 
with ash or slag would absorb only about one-half as much 
radiant energy as a clean surface.!2 Taking this into account, 
the average heat-transfer rate by radiation for a partially dirty 
furnace would then be 


0.5 +1.7D 
AVC; 

27 
12 This conclusion is based upon a study of data given in the paper, 
“Heat Absorption in Water-Cooled Furnaces,’’ by W. L. DeBaufre, 
Trans. A.S.M.E., vol. 53, 1931, paper FSP-53-19a. Figs. 3 and 4 of 


this paper especially would_indicate that 0.5 is about the correct 
value. 


X = 0.95(1 — 0.5D)C-U 


Les 


/ 
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where X is the average heat-transfer rate by radiation to the 
water-cooled surfaces in the furnace in Btu per sq ft per hr, and 
the other symbols are the same as in Equation [3]. This may be 
closely represented, when the value of D is between 0 and 0.5, 
by the formula, 


0:48 4- 11D 


AW CG, 


1 
Pea; 


C,U 


which the authors propose (tentatively) to replace the Hudson- 
Orrok formula. For values of D greater than 0.5, Equation [5] 
should be used. 

The constants in the numerator of this new equation depend 
upon the relationship between heat absorption and radiation 
intensity, with varying degrees of furnace dirtiness. An experi-_ 
mental investigation is now under way to study this relation- 
ship. 

Hudson-Orrok Formula and Wohlenberg Method Compared to 
Results Based Upon Measured Radiation Intensities. In Fig. 12, 
the heat-transfer rates by radiation, as computed by the new 
formula, Equation [6], are shown in comparison to those 
corresponding to the Hudson-Orrok formula and the Wohlen- 
berg method. The single curves for the Hudson-Orrok formula 
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Fic. 12 Comparison or Heat TRANSFER BY RADIATION FROM THE 
Hupson-Orrok FoRMULA AND THE WOHLENBERG 
Metsop WitH THE Heat TRANSFER BASED 
Upon M@ASuURED RADIATION INTENSITIES 


and the Wohlenberg method are justified, because the com- 
puted data, for these boiler tests, all cluster closely about these 
two curves, as shown in Fig. 9. 

It is found, for the boiler tests represented here, that for 
a given energy release rate, the Hudson-Orrok formula results 
in higher heat-transfer rates than does the Wohlenberg method. 
The proposed formula, which represents actual heat-transfer 


—— Oe ee 


srates by radiation, gives values at constant energy release de- 
pending upon the dirtiness of the furnace. The Hudson-Orrok 
‘formula is in agreement with the proposed formula, Equation 
[6], for these tests, when the furnace is fairly dirty. The 
Ww ohlenberg method gives results which are apparently correct 
‘fora comparatively clean furnace. 

_ Distribution of Radiation. The typical distribution of radia- 
‘tion intensities about the furnace is shown in Fig. 13 for 
‘three different tests of approximately equal energy-release 
erates. 

-° During one of these tests, the furnace was clean, having been in 
Breton only two days following a thorough cleaning; in the 
other tests the fractions of the radiant surface dirty were approxi- 
“mately 0.2 and 0.4. 


SUMMARY 


— Conclusions. The development of a fused-quartz-window 
absorption calorimeter for determining radiation intensities 
‘in boiler furnaces is described. This instrument has been used 
Busing 28 boiler tests and the results compared with the Hudson- 
Orrok formula and the Wohlenberg method of computation of 
vradiation heat transfer. 

The results show that, for these tests, the Hudson-Orrok 
‘formula gives results which are correct for a furnace with a 
fitonsiderable part of the water-cooled surfaces covered with ash 
“or slag. The Wohlenberg method of computation shows correct 
nresults, for these tests, when the water-cooled surfaces are 
“comparatively clean. 

A tentative empirical equation, Equation [3], is given for 
‘computing radiation intensities, taking into account the dirtiness 
-of the cold surfaces; tentative formulas, Equations [5] and [6], 
“are given for computing the average heat transfer by radiation 
in boiler furnaces. 

_ There is a variation in radiation intensity from point to point 
at the walls of the furnace, as indicated by Fig. 13. 
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The Leakage of Steam Through Labyrinth 
Seals 


By ADOLF EGLI,1 PHILADELPHIA, PA. 


This paper gives a rational theoretical treatment of the 
labyrinth problem, based on the actual flow characteristics 
typical for a sharp-edged orifice. The general relations be- 
tween leakage, number of throttlings, and pressure dis- 
tribution are given in graphical form on a chart intended 
for use in practical turbine design. 

It is also shown how the effect of kinetic energy being 
carried from one throttling into the next can be considered 
rationally. The numerical constants left open by the 


" theory are derived experimentally with the aid of a static 


} 


labyrinth leakage-testing device. 


INTRODUCTION 


‘ ‘ Y ITH ever-increasing operating pressures, leakage loss of 
steam through unavoidable seals (shaft packings, dummy 
pistons, etc.) becomes more and more detrimental to the 
efficiency of modern steam turbines. Also, it has become common 
practice to improve the efficiency of turbine stages by introducing 
leakage seals which reduce the amount of steam uselessly by-pass- 
ing each row of blades. Inasmuch as the labyrinth-type seal is 
still the most common, an accurate method for predicting the 
leakage through it is desirable. It is also important to know 
accurately the pressure distribution in the labyrinth when 
calculating the thrust of certain types of dummy pistons. In 
this paper a refined, yet sufficiently simple method, is developed 
for predicting the performance of labyrinths. 


DEVELOPMENT OF A RATIONAL THEORY FOR THE 
EXPANSION OF COMPRESSIBLE FLUIDS THROUGH 
LABYRINTHS 


1 Expansion THRouGH A SINGLE SHARP-EDGED 
THROTTLING 


A schematic illustration of two-dimensional flow through a 
single sharp-edged throttling is given in Fig. 1. The steam 
(or gas) expands from the pressure 7 to p: when passing through 


the slot, forming at the same time some kind of a jet with a 


minimum area A,.. We are not particularly interested in know- 
ing this minimum area. In some other section, A1, which may be 
located somewhere near (before or after) the minimum section, 


1 Research Engineer, Westinghouse Electric & Manufacturing Co. 
Mr. Egli received his technical education at the Federal Technical 
University in Zurich, Switzerland, where he was graduated as 
Diplom Mechanical Engineer under Professor Stodola in 1929. 
After graduation he was engaged as assistant to Professor Stodola 
and Professor Hichelberg and as instructor of thermodynamics and 
heat-engine design. From 1930 to 1931 he was employed as experi- 
menting engineer with the Terry Steam Turbine Company, Hartford, 
Conn. Since 1931, Mr. Egli has been connected with the Westing- 
house Company at South Philadelphia as research engineer on turbine 
efficiency and design... 

Contributed by the Power Division for presentation at the semi- 
annual meeting, Cincinnati, Ohio, June 19 to 21, 1935, of The Ameri- 
CAN SocleTy OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1935, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


the pressure in the steam jet will be equal to the chamber pressure, 
pi. If Ai is known and adiabatic change of state of the steam, 
for instance, is assumed, it is possible to calculate the weight 
of the theoretical flow passing through the throttling by applying 
Saint Venant’s equation. This equation, neglecting the ap- 
proach velocity wo of the steam, is given as 


k 
Gu = Ay 4 (202 [ eet — ot] | oe (1] 
aa Vp 


where Gi; = theoretical flow, lb per sec; g = acceleration of 

gravity, 32.17 ft per sec per sec; k = exponent of adiabatic 

expansion (1.3 for superheated steam); 8 = the pressure ratio 

pi/Po; Por= abs pressure before throttling, lb per sq ft; 7. = 

abs pressure after throttling, lb per sq ft; % = specific volume 

before throttling, cu ft per lb; and A; = jet area, sq ft. 
Introducing the flow coefficient 


Fic. 1_ Expansion Taroucu a Sincin Suarp-Epgep THROTTLING 


and abbreviating the dimensionless expression 


ve \ 2k g2/Be gle WEN [3] 
k—1 
we finally write for the theoretical flow 
y= Aavix y (0 a). daisies: [4] 
Vo 
where A is the area of the throttling opening (Fig. 1). For 


superheated steam (k = 1.3), ¥,, was calculated and is plotted 
in Fig. 2 as a function of the pressure ratio 8. It has the well- 
known nozzle characteristics, reaching a maximum value of 0.667 
at the critical pressure ratio B, = p,/po = 0.546. 

The flow coefficient, a, of a sharp-edged opening, when plotted 
against Reynolds’ number, gives a curve such as shown in Fig. 3. 
For Reynolds’ numbers higher than the critical value R,, the 
coefficient @ is constant, i.e., independent of the velocity of the 
steam. For sharp-edged round orifices, the critical value of 
R = wd/y is about 108, where w = velocity of the jet discharging 
from the orifice, ft per sec; d = diameter of the orifice opening, 
(clearance of throttling); and » = kinematic viscosity of the 
fluid in ft? per sec. Although results of tests on the flow coefficient 
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of a narrow slot as a function of Reynolds’ number are not avail- 
able, we may assume that R, is in the order of 10%. In a steam 
labyrinth, R is as high as 10‘ and above. We can assume that for 
velocities far enough below the acoustic velocity (about 500 ft 
per sec or less for superheated steam) @ is independent of the 
velocity. In this range (that is, for throttling pressure ratios 8 
= 0.8 to 1.0) we should expect Equation [4] to give the correct 
flow. 


yw lested wy 
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Fic. 2 Expansion Function Y oF A SHARP-EDGED ORIFICE 
OPERATING WITH SUPERHEATED STEAM 


The last throttlings in a labyrinth very often work with 
velocities comparable with, or as high as, the acoustic velocity 
(8 less than 0.8). Under these conditions, adiabatic change of 
state and the constance of @ can no longer be assumed. The 
actual flow G through the throttling will differ from the theo- 
retical value G,,, calculated from Equation [4]. 

There is complete information available on the flow through 
sharp-edged round orifices which can be applied to this problem. 
Assuming, for simplicity, a constant-flow coefficient, Schiller? 
calculated from flow tests made with VDI orifices, the function 
y as defined by the equation 


G ~ av (0 ’ ¢ oe [5] 


where G = the actual measured flow (see Table 1). The values 
in Table 1 are used in plotting the curve y versus 6 shown in Fig. 2. 
A comparison of the (theoretical) y,, curve with the (tested) 


TABLE 1 EXPANSION FUNCTION y OF A SHARP-EDGED 
ORIFICE AND OF A WELL-ROUNDED OPENING 


Pressure Sharp-edged Theoretical Well-rounded 
ratio B orifice y Vth opening y 
1.00 0.000 0.000 0.000 
0.95 mete 0.307 0.307 
0.90 0.432 0.421 0.421 
0.85 Sass 0.499 0.499 
0.80 0.588 0.555 0.555 
0.70 0.698 0.629 0.629 
0.60 0.778 0.663 0.663 
0.546 <p 0.667 0.667 
0.50 0.835 0.664 0.667 
0.40 0.877 0.635 0.667 
0.30 0.905 0.575 0.667 
0.20 0.921 0.475 0.667 
0.10 0.928 0.322 0.667 
0.00 0.929 0.00 0.667 


2 “Uberkritische Entspannung kompressibler  Flissigkeiten,” 
‘by W. Schiller, Forschung auf dem Gebiete des Ingenieurwesens, 1933, 
p. 128. 


y curve reveals the fact that for pressure ratios of 8 = 0.8 and 
above, the theoretical flow checks rather closely with the actual. 
As the pressure ratio decreases below 0.8, w rises increasingly 
above y,,. It is remarkable that no critical pressure ratio exists 
for the actual flow through a sharp-edged opening. 


2 Expansion THROUGH A SERIES OF THROTTLINGS 


General Thermodynamic Relations. A group of throttlings as 
used in steam-turbine labyrinths is shown diagrammatically in 
Fig. 4.3 The arrangement shall be isolated perfectly so that no 
heat can be exchanged with the surroundings. As the steam flows 
through the labyrinth, a pressure drop occurs across each 
throttling. After each throttling, a small part of the kinetic 
energy of the steam jet will be reconverted into pressure energy, 
a second part will be destroyed and transferred into heat, and the 
remaining kinetic energy will enter the following throttling. 
The velocity w, of the steam jet issuing from the »” throttling 
is obtained from the energy equation 


(0, /223. Tiere hc ak eee [6] 


where w, = velocity of steam jet issuing from the »” throttling, 
ft per sec; io = total heat of steam before entering the labyrinth, 


Btu per lb; and 7, = total heat of steam issuing from v* 
throttling, Btu per lb. 


—>f 


c Reynolds’ Number R —> 
10° 


Fic. 3 Fiow ComFricIENT @ OF A SHARP-EDGED ORIFICE AS A 
Function oF REyNoups’ NUMBER 


Fic. 4° Expansion THROUGH A SERIES OF LABYRINTH THROTTLINGS 


Inasmuch as Equation [6] is general, nothing has to be said 
about the nature of the flow preceding the »” labyrinth. The 
condition of continuity for the »” throttling, however, may be 
written as 


where G = the flow, lb per sec; A, = the leakage area of the 


v™ throttling, sq ft; v, = the specific volume of steam leaving ~ 


the v™ throttling, eu ft per lb; and a = the flow coefficient. 

For the great majority of the throttlings of the labyrinth, the 
pressure ratio 8 is higher than 0.8 and a is practically constant. 
Then, in a labyrinth with a constant leakage area A, the ex- 
pression 


Wo / Op 0ztG/00A eatin oe [7a] 


is a constant. Combining Equation [7a] with Equation [6] 


3 A series of instructive illustrations of flow through labyrinths 
produced with water is published in Escher Wyss News, January- 
February, 1934. 
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Constant = G/aA = (223.7/v,)~/ (io —i,)........ [8] 


which represents a definite relation between v, and 2,. For a 
given initial total heat 2%, Equation [8] determines a series of 
Fanno curves‘ G/aA = a constant on the total-heat-entropy 
diagram as shown in Fig. 5. In a labyrinth of constant-leakage 
area A, all points of the condition in the steam jet issuing 
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Fie. 5 Totat Heat-Entropy Diacram With Fanno CurRvEs 
(The heavy zig-zag line is the condition curve for an ideal labyrinth.) 
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Fie. 6 ConpiTion CURVES FOR THE EXPANSION OF STEAM 


THROUGH A SHARP-EDGED THROTTLING 


from each throttling lie ona Fanno curve,® as long as a@ is con- 
stant. In an ideal labyrinth with completely destroyed kinetic 
energy after adiabatic expansion in each throttling, the condi- 
tion of the steam will follow the zig-zag line of Fig. 5. In the 
last throttling the pressure ratio 6 often is considerably smaller 
than 0.8, and the conditions appear as observed previously. 


4“Steam and Gas Turbines,’ by A. Stodola, McGraw-Hill, 1927, 
sixth edition, p. 61. The curves are named in honor of Fanno, who 
first used this relationship. 

5 A total-heat-entropy diagram with drawn-in Fanno curves, such 
as shown in Fig. 6, is helpful when studying the expansion through 
all kinds of channels. It shows at once that the flow in a passage 
with constant cross-section never exceeds the critical velocity we = 
223.7+/(he), becausé a flow with decreasing entropy is impossible. 
The condition of the steam when expanding through a sharp-edged 
opening may be reproduced by curves like B, C, D, or H, Fig. 6, for 
decreasing pressure ratios, 8. The velocity in the minimum section 
of the jet (points M, Fig. 6) cannot exceed the critical. This, however, 
_does not mean that when the acoustic velocity in the narrowest sec- 
tion is reached, the flow has to be independent of the back pressure. 
Because of the change of contraction of the jet, the flow can still 
increase when the back pressure is lowered. 
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The curve for the conditions in the last throttling will be similar 
to the one in Fig. 5. 

Derivation of a Practical Method of Calculating the Performance 
of Ideal Labyrinths With Constant-Leakage Area. In view of the 
complicated relation between pressure ratio and flow in each 
throttling, a graphical method is the most practical for com- 
puting the conditions in the whole labyrinth. 

The equation for leakage through an ideal labyrinth (a 
labyrinth in which the kinetic energy of the steam jet is com- 
pletely destroyed and reconverted into heat after each throttling) 
is similar to the equation for the single throttling 


Gi=Aee 1 (0 m) git a 
i) 


where G = the leakage, lb per sec; A = leakage area of the 
single throttling, sq ft; a@ = flow coefficient, assumed to be 
constant for all throttlings; p) = abs pressure before the labyrinth, 
lb per sq ft; v) = specific volume before the labyrinth, cu ft per 
lb; p, = pressure after the labyrinth, lb per sq ft; gis a function 
of the labyrinth pressure ratio p,/po and the number n of 
throttlings. 

For the labyrinth with one throttling, (n = 1) ¢ is identical 
with y in Fig. 2. The calculation of ¢ is a matter of mathematical 
analysis, the result of which is represented graphically in Figs. 
7 and 7a. 

The ¢ curves were obtained as follows: 

In a labyrinth with two throttlings, the relation for the first 
is 


Since G; = G2 


ay (2)-»y¥(@) 


The pressure and volume of the steam on a constant total-heat 
line are, with sufficiently close approximation, related in the 
form 


Pwo = 


Thus, we can write Equation [12] as 


7 (aa) 
Pi/Po 


Inasmuch as W versus 8 = p2/pi, and gi versus i/o (in this 
case identical with y versus 8) are given graphically in Fig. 2, 
Equation [14] must also be solved graphically. The result is 
the curve gn =2 of Fig. 7a. 

For the labyrinth with three throttlings, the following equa- 
tion is obtained similar to Equation [14]: 


1 
y= ( eves I ACO Cnr [15] 
P2/ Po 


from which ¢,=3 of F ig. 7a is calculated. In this manner we 
can proceed up to any number of throttlings. For a large num- 
ber of throttlings, however, this method would be too cumbersome 
and inaccurate since errors are cumulative. For a labyrinth with 
n + 1 throttlings, Equation [14] can be generalized as 
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Fie. 7 LeaKacn Function ¢ For LABYRINTHS WITH FouR AND 
Morr THROTTLINGS 


i 
0 
(0) 0.2 0.4 0.6 0.8 1.0 
Labyrinth Pressure Ratio Pope 
Fic. 7a LEAKAGH FUNCTION ¢g FOR LABYRINTHS WITH ONE TO 


Four THROTTLINGS 


1 
Ve=p,.y/p = (.) PA bal doe aoe [16] 


which, when ¢, for p,/o is known, can again be solved graphi- 
cally for gn+1 


Pa + 1, , [Pe > Oubal be one aaee [17] 


If the number of n + 1 throttlings is sufficiently large, the 
throttling pressure ratio 8 in the first n throttlings is greater 
than 0.8 and it is only in the last (n + 1) throttling that 8 


is smaller than 0.8. For the first » throttlings, therefore, an 
explicit formula, based on the theoretical Equation [4], can 
be developed. The formula, as derived in the appendix, takes 


the form 
epilator 
ee v1; Aloe N(ie/p,) | = oe [18] 


and is identical with the expansion term in Martin’s® labyrinth 
formula. 

The solution with Equations [16], [17], and [18] was used 
in calculating the ¢ curves for n = 8 to 36 of Fig. 7. 

It is now possible to predict the leakage through any ideal 
labyrinth by applying Equation [9] and utilizing Figs. 7 and 7a, 
once the flow coefficient a has been determined by actual leakage 
measurement. 

The pressure distribution in the labyrinth is obtained from 
Fig. 7 by simply intersecting the curves n = constant with the 
horizontal line ¢ = constant corresponding to the operating 
conditions. 


APPLICATION OF THE THEORY ON THE TYPES OF 
LABYRINTHS USED IN PRACTICE 


From the point of view of flow, there are two types of labyrinths 
used in practical turbine design; (a) a so-called “straight- 
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Fic. 8 Srraicut-THrouGcH LaBYRINTHS 
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Fie. 9 SraccERED-Typn LABYRINTHS 


through” type as shown in Fig. 8, and (b) the staggered type 
schematically shown in Fig. 9. 

The staggered-type labyrinth obviously gives a better seal 
than the straight-through type, but it is more costly and involves 
a more difficult machine assembly. By making the steps h 
(Fig. 9) sufficiently high, it is possible to have practically all 

® “Steam Leakage in Dummies of the Ljungstrom Type,” by H. 
M. Martin, Engineering, Jan. 3, 1919, pp. 1, 2, and 3. 


a = 


FUELS AND STEAM POWER 


of the kinetic energy of the steam jet destroyed before the steam 
enters the following throttling. The theory of the ideal labyrinth 
ean, therefore, be applied directly to this case. Leakage and 
pressure distribution are obtained with Equation [9] and Figs. 7 


_ and 7a as already described. 


The straight-through-type labyrinth is frequently used in 
turbine design since it is easy and cheap to manufacture and has 
many advantages from an assembly standpoint. It is not as 
tight, however, as the staggered-type labyrinth because it per- 


- mits a considerable percentage of kinetic energy to be carried 
’ from one throttling into the next. 


This results in conditions 
represented by the heavy zig-zag line in Fig. 10. The zig-zag 
dashed line in Fig. 10 represents the conditions in an ideal laby- 
rinth (with the same leakage area A and the same flow coeffieient 
a) through which the same amount of steam is leaking. The 
Fanno curve is the same for both labyrinths. These two curves, 
representing the two conditions, demonstrate clearly that the 
straight-through-type labyrinth needs more strips for the same 
leakage than is required in the ideal labyrinth. Apparently," we 
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Fig. 11 BroapEninc or A STHAM JET IssuiInG From A THROTTLING 


ean calculate the leakage through such a straight-through 
labyrinth by again utilizing Figs. 7 and 7a and applying Equa- 


tion [9], but, instead of taking nas the number of strips, a smaller 


number of strips n’ has to be used which will be equivalent to the 
number used in the ideal labyrinth. . Neglecting the term 
log,(po/p,), it is seen that the flow through a labyrinth is ap- 
proximately proportional to ~/(1/n). Therefore, for the leak- 
age through a straight-through labyrinth 


G = Aagy q(c a | Penarth. <i era [9a] 


where y = +/(n/n’), and n’ = the number of strips in the 
equivalent ideal labyrinth. It is assumed that a@ is constant 
and of the same magnitude as determined from tests with 
staggered labyrinths. (Strictly, a depends on the percentage of 
kinetic energy carried through each throttling, i.e., on y itself. 
For practical reasons of simplicity it is assumed, nevertheless, 


‘that a is constant and we take account of the change in leakage 


by varying only y.) Values of y are obtained by comparing 
Equation [9a] with the leakage determined from tests. As the 
jet issuing from the throttling broadens out proportionally with 
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the distance x (Fig. 11), the percentage of kinetic energy available 
for expansion through the following throttling must be expected 
to be primarily a function of the ratio 5/s, where 6 is the strip 
clearance and s is the pitch of the strips (see Fig. 8). 


TEST RESULTS 


Experiments have been conducted with various types of 
labyrinths in a static-testing device built especially for this 


purpose. A schematic drawing of the test arrangement and test 
SS 
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Fie. 13. Txsr Buock Usep In THe Static Testing or LABYRINTHS 


block is shown in Figs. 12 and 18. When testing, both the inlet 
and the back pressure were varied over a wide range, and the 
temperature was adjusted so that the whole labyrinth always 
operated with superheated steam. 

Staggered-Type Labyrinth. In Fig. 14, test curves ay are shown 
as a function of p,/po for a well-staggered labyrinth. Fig. 15 
demonstrates the agreement between theoretical and actual 
pressure distribution. By dividing the values of ag obtained 
from the test curves in Fig. 14 with ¢ from Fig. 7, the flow co- 
efficient « is determined, which in turn is plotted in Fig. 18 as 
a function of the ratio 6/A = clearance/strip thickness (Fried- 
rich’s tests, compared on the basis of the same theory, give for 
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the range of 6/ A = 1.3 to 2.3, an average value of a = 0.71 which 
0 4°68 2) 6 20 L258 "S> “acne checks the average in the same range of 6/A in Fig. 18).7 


ThrotHing Num ber 7“Untersuchungen ueber das Verhalten der Schaufelspaltdichtungen 
in Gegenlauf-Dampfturbinen,” by H. Friedrich, Mitt. Forsch. Anst. @. 
Fie. 15 Pressurp DisrriBuTION IN A STAGGERED-TypE LasyrintH UH. H., Oct., 1933. 
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Fic. 19 Carry-Over CorrecTION Factor y FOR 
STRAIGHT-THROUGH LABYRINTHS 
(Refer to footnote 7 for Friedrich’s tests.) 


TABLE @- LABYRINTHS WITH CONSTANT LEAKAGES 
These Labyrinths (with 0.010-in. Thick Sharp-edged 
Strips) have the Same Leakage 


Type of 
Labyrinth 


During tests of this type 


Straight-Through Type Labyrinths. 
labyrinth, the pitch s and the clearance 6 were both varied. 

_ The pressure distribution obtained with Fig. 7 checks the test 
results very closely as can be seen from a study of Figs. 16 and 17. 
The carry-over correction factor y was calculated upon the 
assumption that a is the same as found in the tests of the stag- 


gered-type labyrinths. It is found that y is a function of the 
ratio 5/s = clearance/pitch, only, and is given in Fig. 19. When 
evaluating these tests it was considered that a factor y = 1 always 
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applies to the first throttling of a group, and it was necessary to 
solve graphically the equation 
|e 

¢n—1, p/m = —— —— 

a Pn/ pr Val Dale 
Friedrich’s findings? with straight-through-type labyrinths of 
two and three throttlings are somewhat contradictory to our 
test results. The discrepancy can be explained probably when we 
consider that Friedrich tested clearances of as little as 0.006 to 
0.010 in. It seems possible that for such narrow clearances, the 
boundary layer which develops along the smooth surface across 
the strip prevents kinetic energy from being carried over from 
one throttling to the other. Our tests were made with clearances 
of 0.015 to 0.040 in., which is about what occurs in axial-flow 
turbines built in this country. 


¥1pi/po 


CONCLUSION 


The leakage through labyrinth seals with constant-leakage 
area is calculated by applying Hquation [9a], in which a depends 
on the type of sealing strip used. For sharp-edged strips, @ is 
given in Fig. 18. 


TABLE 3-COMPARISON OF SINGLE-STRIP AND DOUBLE-STRIP SEALS 
(Thickness of Sharp-Edged Strip A= 0.0/0 In.) 


Clearances of One Column Give the Same Leakage 
Type of Sea} Clearance ~ Inches 


Z yj ) 
| 0.010 | 0.0/5 | 0.020 | 0.030 | 0.040 | 0.050 
44 
“Tt # in. 0.012 | 0.017 |0.022 |0.03/ |0.04/ | 0.050 
0.018 | 0.023 | 0.033 |0.043 |0.053 
0.020 |0.025 |0.035 | 0.045 | 0.055 


The value of y is equal to unity in well-staggered labyrinths. 
In straight-through labyrinths, y depends on the ratio 56/s 
(clearance/pitch) and the number of throttlings in the labyrinth 
group (Fig. 19). 

The expansion function ¢ is given graphically in Figs. 7 and 7a. 

The pressure distribution in any labyrinth with constant leak- 
age area is obtained from Figs. 7 and 7a by intersecting with a 
line g = constant. 

In Tables 2 and 3, examples are calculated to demonstrate the 
effectiveness of various types of labyrinths. Particular attention 
should be given to the double-strip seals in Table 3 which are 
often used in sealing shrouded reaction stages. For clearances 
greater than 0.020 in. the single-strip seal is practically as tight 
as the double strip. The second strip is only effective if a step 
is provided to prevent the steam jet from shooting directly into 
the second throttling. 


Appendix 


The derivation of an explicit formula for the leakage through an 
ideal labyrinth when the throttling-pressure ratio is greater 
than 0.8 is as follows: 


122 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


The velocity of the steam jet after having expanded 
adiabatically from p: to p2 (Fig. 20) is obtained by integrating 
the energy equation 


52 
d (=) =: — ofp... . eee [19] 
2g 
with 
pi/ky = constant.............++. (20] 


as the condition for the adiabatic change of state we get 


w2 k (2) —1/k 
2 eee | ee | SY 21 
29 - E—t Pi (21) 


and develop the series 


i—1/k 1—1/k 
A 
Pi Pi 


which when introduced in Equation [21] gives 


w? Ap 1 [Aap\ 
eB Jos = 
2g a | pak ( Di ) 


Since this formula is used only as long as p:/p: is larger than 
0.8 or Ap/p; is less than 0.2, the term with (Ap/p:)? can be neg- 
lected so that 


We write 


where v’, is the specific volume at the end of the adiabatic ex- 
pansion and is obtained from 


or in a series of (Ap/p), 


it A ave Ld SO ey ABS 
vent (2) + 2k? (22) + 


We can neglect again the term with (Ap/p:)? so that 


Combining Equations [22], [23], and [24] we obtain 


OV go ee eee 
() = (2) mare [25] 
a} ts) ee 
k Pi 


All initial-state points to the various throttlings lie on a curve 
of constant total heat, along which the relation 


Piti1 = Por = constant................ (26] 


holds sufficiently well for gases and steam. Thus we have 


1_ 
v Pwo 


( G ) x ce (at ee (27] 
aA tT 2 Ap 
pov( k =) 


We now write this equation in the form 


oy i _ (Sy? 1 (2) __% (22) 
aA) Ar \adA/ kp \Ae pon Vag 
which can be integrated if the number of throttlings is large 


enough so that Ap/ Az can be replaced by dp/dz. 
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We write 


ifiGre Veo GN oak ie 2g = 
34 Cad Wt | be $65 fas pidp 
Az \aAd = CAS klJmn n Pwo J po 


and, noting that (x, — t)/Axv = n = the number of throttlings, 
we obtain as the leakage formula 


in which 
1 — (p,/Po)? 


2 
n+ i loge (po/pn) 


where p, = pressure after n“ throttling, and k = 1.3 for super- 
heated steam. 

It has been found by comparing ¢ from Equation [28] with 
the thermodynamically strict graphical solution, using the Fanno 
curve, that for small numbers of strips, a more correct numerical 
result is obtained if for steam k = 2. For large numbers of 
throttlings n, the logarithmic term is of little importance. We, 
therefore, write for any number of throttlings, the final formula 
for the leakage as 


in which 


o= 1 ( 1 — (Pa/Po)* ) 
n a5 loge(Po/Pp) 
This formula can with sufficient accuracy also be used for air 
and other gases. 
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The Division of Load Among Generating 
Units for Minimum Cost 


By JAMES E. MULLIGAN,! CAMBRIDGE, MASS. 


The criteria for minimum-input division of load among 
several generating units which are to be operated together 
depend upon the forms of the input-output curves of the 
units. When the curves are continuous and uninflected 
the greatest input-curve slope at which any unit operates 
should be kept a minimum. When the curves are discon- 
tinuous or inflected a comparison of two curves of total 
input against total output will determine the load at which 
a change should be made from one loading definitely pre- 
scribed by the slopes of the input curves, to another defi- 
nite distribution. When a varying load is to be supplied 
with part of the units operating at constant load, mini- 
mum-input loading may be determined by means of curves 
of average input against average output. 


URING the whole history of power generation an enormous 

amount of effort has been applied to the problem of 

increasing the efficiencies of individual generating units. 
The fruitfulness of this endeavor is well known. The margin of 
possible improvement in present types of apparatus has, how- 
ever, become so small that it is at least exceedingly unlikely that 
the striking improvements of recent years can be duplicated. 

In view of the limitations on further increase of unit efficiencies 
and of a current hesitancy to increase capital expenditures in 
order to decrease future operating costs, it is not surprising that 
attention has recently been turned to the increasing of system 
efficiency by a better distribution of the load among existing 
units. The improvement obtainable may be large, a case having 
been reported where an effort to operate a hydro plant with 
optimum load distribution resulted in an increase in output of 
approximately eight per cent.? 

Although the development of methods for the optimum dis- 
tribution of load has been altogether from the viewpoint of the 
operation of power-generating apparatus, the principles involved 
have no such limited application. It should be recognized that 
the same principles may be used to obtain a given output with 
minimum input to several productive agencies of any kind, 
whether the agencies are turbo-generators, generating stations, 
machines, or factories. 


1 Instructor in Electrical Engineering, Massachusetts Institute of 
Technology. Jun. A.S.M.E. Mr. Mulligan was graduated from 
the University of Maine with the degree of B.S. in 1925. Since that 
time he has been assistant and instructor in the department of 
electrical engineering at the Massachusetts Institute of Technology. 
He received the degree of S.M. from the Massachusetts Institute of 
Technology in 1933. This paper is taken from a part of a thesis sub- 
mitted for that degree and prepared under the direction of Dr. V. 
Bush. He is also the author of a paper on power-system switching. 

2 “Automatic Operator for Economy Control,’’ by S. Logan Kerr, 
A.I.E.E. Trans., vol. 50, March, 1931, p. 133. 

Contributed by the Power Division for presentation at the Semi- 
Annual Meeting, Cincinnati, Ohio, June 19 to 21, 1935, of Tus 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1935, for publication in a later issue of Transac- 
tions. 

Nors: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


The first publication of the basic principles affecting optimum 
distribution of a constant load between two generating units, 
except for the simplest case where the input curves are all straight 
lines, was by F. H. Rogers in 1924.3 The treatment was ex- 
tended by Rogers and Moody during the following year.‘ Since 
that time there have been published many papers dealing prin- 
cipally with the practical application of the methods of Rogers 
and Moody. 

It is the purpose here to expand the theory underlying load 
division by a demonstration of the criteria for distribution where 
more than two units are involved, where the curves of input 
plotted against output are discontinuous or inflected, and where 
part of the units operate at constant load as the total load 
changes. 

Any method for distributing load for maximum economy will 
require a knowledge of the relationship between input and out- 
put for the units concerned, with each of the inputs and each of 
the outputs expressed in common units. Thus hydroelectric 
generating units in the same station, taking water from the same 
forebay and delivering energy to the same bus, can be repre- 
sented by their turbine discharge curves. The input of a distant 
generating station might be plotted against the output at the 
receiving end of its transmission line. In some cases dollars 
of cost will be the only common measure of input. Much 
study has been given to the problem of determining such input 
curves. #5 

When the amount of generating capacity which shall be oper- 
ated to supply an expected load has been decided upon there still 
remain two questions: (1) Which of a number of available 
generating units shall be operated to supply the required ca- 
pacity? (2) How shall the system load be divided among the 
units which are to be operated? 

In general the first question will be answered by giving prefer- 
ence to the generating units of higher efficiency. With increasing 
load the units will be started in order of decreasing efficiency. 
In some simpler cases a comparison of individual input-output 
curves will indicate the order in which the units should be 
started. When the comparison of individual curves becomes in- 
adequate, curves of total input versus total output for various 
combinations of units, with most efficient distribution of load 
among the units in each case, may be plotted together to give an 
envelope curve of minimum input. The envelope curve will 
determine the particular units which will give least input at each 
load. Such curves have been published. We are here directing 
attention to the second question of the preceding paragraph; that 
is, to the division of load among a number of units all of which 
are to be operated together. The no-load inputs to all of them 
must then be supplied and load division among them de- 
pends only on the relative increments of input above the no-load 
values. 


3‘*Acceptance Tests of Hydroelectric Plants,’ by F. H. Rogers, 
A.IJ.E.E. Trans., vol. 43, 1924, p. 568. 

4 “Interrelation of Design and Operation of Hydraulic Turbines,” 
F. H. Rogers and L. F. Moody. Engineers and Engineering, vol. 42, 
1925, p. 174. 

5 ‘Incremental Loading of Generating Stations,’ by M. J. Steinberg 
and T. H. Smith, Electrical Engineering, vol. 53, 1933, no. 3, p. 432 
and no. 4, p. 571. 
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Input Curves ConriINnuous AND UNINFLECTED 


The great majority of input-output curves are either made up 
of straight lines or have an upward concavity which increases with 
theload. In Fig. 1, Ji, Jz, etc. are curves of this kind, representing 
input plotted against output for any number of generating units 
which are to be operated together. The curves are continuous, 
although the slopes of some of them are discontinuous. J/1, I's, 
etc. are the first derivatives of the input curves, that is, they 
simply indicate the slope at all values of output of si, J2, etc., 
respectively. 
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It will be proved that for units with this type of input-output 
curve the load should always be so apportioned that the greatest 
value of input-curve slope at which any unit operates is kept a 
minimum. ‘This criterion will be examined for three cases; for 
low values of slope which apply to only one unit, for intermediate 
values where there may be any number of units, and for the 
highest values applying only to the unit with greatest slope. 

Any loads in the range from no load to O; should be applied to 
Unit No. 2 because the slope of J; is less than that of any other in 
this range. Suppose a load of Oz, which is all being supplied by 
No. 2, is redistributed by applying any fraction of it to any of the 
other units. For instance, suppose the load on No. 2 is reduced 
by the amount AO from QO, to O; and the load on No. 1 is increased 
by the same amount from Op to Ox. The decrease in input to No. 

dIy 
2, 40 A 
equal to the change in output and a height equal to the slope of 


T 
The increase in input to No. 1, 3 AO, is 


shown by the area Ooi’oi’sO4, of the same width but of greater 


O = AlT;, is shown by the area O3i’st’.02, with a width 


the input curve. 


height than O31’ 3t'202. Since 
dl, dl; dl, dl, 
70 < 70’ then 70 AO < 0 AO, and Al, < Al. 


That is, the decrease in input to No. 2 is less than the increase in 
input to No. 1, and the redistribution of load has resulted in a net 
increase in input at constant output. For best efficiency all the 
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load should be supplied by the unit whose slope is least at the 
given load. 

Total loads greater than O; cannot be applied to a single unit so 
that it will be loaded to a point where its slope is less than that of 
any other, but the load should still be so distributed that the 
greatest slope at which any unit operates is as small as possible. 
This will lead to operation with load so divided that all units 
operate at equal values of slope. Any load in the range of equal 
slopes, 


O = 05 + Os + Or + Os + Or + Ov 


should be so distributed that the operating points on all the input 
curves have the same slope, J’, as is now to be proved. Suppose 
any other distribution of load whatever be used. Then in order 
that the total output still be O, some of the outputs will be less 
with smaller values of slope and some greater with larger values of 
slope than with the equal-derivatives distribution. Let the load 
of N of the units be less by a total of A,O and that of M of the units 
be greater, with the loads of any number of the units remaining 
unchanged. With O constant the load on the M units must be 
greater by a total of A,O. 

The decrease in input to the N units is shown in Fig. 1 by the 
diagonally cross-hatched areas of average height J’n and the in- 
crease to the M units by the horizontally cross-hatched areas of 
average height J’. Since the derivatives either remain con- 
stant or increase with increased load, J’ < I'm andJ’n <I’ and 
therefore I’y < I’m. The sum of the widths of the N areas 
representing load decrease is equal to the sum of the widths of the 
M areas representing load increase, each sum being A,\O. The 
total decrease in input is then J’n A,O and the total increase 
I'm A,O. Since I’n < I'm, I'nA\O < ImA,O and the net in- 
put has again been increased by any change from operation at 
minimum slope. 

When increase in load at equal slopes results in any unit reach- 
ing its maximum output, equal-slopes operation of all units will 
have to be abandoned and minimum input for higher loads will 
result from leaving the output of that unit constant at its maxi- 
mum value and continuing to load the others at equal slopes. 
The load on the fully loaded unit will either have to be left con- 
stant or be reduced. If it is reduced, some of its load will have to 
be transferred to other units with greater input-curve slope, 
and the change will result in a net increase in input. This will 
hold until the unit of highest input-curve slope reaches full 
load. 

To. summarize: For input-output (input as ordinates against 
output as abscissas) curves which are continuous and which 
have no decrease of slope with increasing load, a given output will 
be supplied with minimum input if it is so divided among the 
units chosen to operate that the greatest slope at which any one 
of them operates is kept a minimum. At points of discontinuity 
in the slopes of their input curves, units should operate at constant 
load until load change on other units gives equality of slopes be- 
yond the discontinuity. 


Discontinuous Input Curves 


Although the great majority of input-output curves are of the 
kind just discussed, some of them, notably those of some turbines 
whose valves open successively as load increases, are discon- 
tinuous or show a decreasing slope at the valve points. The 
criterion of equal slopes alone is inadequate with curves of these 
kinds. 

In Fig. 2, are shown the input-output curves of two identical 
turbines which have an abrupt increase in input at load at O; where 
a by-pass valve is opened. The criterion of equal slopes, which 
means equal loads on the identical units used in this example, 
still holds with both units operating above, or both below, the 
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discontinuity. The derivative curve, however, gives no indica- 
tion of the amount of increase in input at the valve point. For 
the range of loads between twice O; and the maximum load of one 
unit, curves of total input for each of the two conditions may be 
used to determine whether one unit should be operated at 0; 
with the other taking the remainder of the load, or whether both 
units should be operated above O; at equalloads. The load above 
which it becomes economical to supplv the increased input caused 
by opening the second by-pass valve rather than to go further up 
the increasing slope toward full load can be determined by the 
intersection of the two curves of Fig. 3. Curve BB’ gives total 
input with one unit operating at load O; (Fig. 2) with its by- 
pass valve closed, and is AA’ (Fig. 2) with O; added to its abscis- 
sas and J, to its ordinates. CC’ is a curve of total input with 
equal loading obtained by multiplying by two the abscissas and 
ordinates of AA’. Evidently best operation will be that along 
the envelope curve of minimum input BDC’, so for total loads 
less than QO, one unit should operate at a load of O; with its by- 
pass valve closed, and for greater total loads the unit loads should 
be equal. 

.~ Although the discussion of discontinuous curves was simplified 
by the use of only two similar curves with a single discontinuity, 
the procedure is the same for any number of units, similar or not. 


INPUT-CURVE SLOPE. 


INPUT. 


TOTAL INPUT. 


TOTAL OUTPUT 
Fig. 3 


The region in which equal-slopes operation must be abandoned 
will be determined by the comparison of curves of total input for 
the two methods of operation. 

The use of curves of total input versus total output, as thus 
described, to determine the load at which operation should be 
changed from one distribution definitely prescribed by the deriva- 
tive curves to another definite distribution, should not be con- 
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fused with the use of input curves alone for minimum-input-load 
division. It is possible to determine optimum distribution be- 
tween two units as the locus of the minima of curves of total 
input versus output of one of the two units, with total output asa 
parameter. This latter method requires the drawing of many 
curves even when only two units are involved, and would rapidly 
become unwieldy with an increase in the number of generators. 
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The method used here requires the determination of only one 
intersection at each critical point in the loading schedule, re- 
gardless of the number of units in operation. 


INFLECTED INPUT CURVES 


Another type of input curve is continuous but exhibits points 
of inflection. Here again, as in the case of discontinuous input 
curves, there will be loads at which it will be incorrect to operate 
at equal slopes, or to operate similar units at equal loads. The 
methods which have been discussed may again be used to deter- 
mine most economical operation. 

Fig. 4 shows an input curve whose first derivative curve has a 
region AB whose negative slope is greater than that of the positive 
slope of the curve at lighter loads. Light loads should be 
divided equally between two similar units of this kind. For in- 
stance, for a load of twice O, distributed equally the argument is 
the same as for single curvature; any redistribution by moving 
the operating point of one unit from 7’; toward A will sweep off a 
larger area representing load increase than will be swept off by the 
moving of the operating point of the other to the left from 7/1, 
where the derivative curve islower. On the other hand, a heavier 
load such as twice O; is not supplied at minimum input by operat- 
ing both units at O2. Remove AO from one unit and apply it to 
the other so that operation is at O; and Oy. The decrease in in- 
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put, Osi’st’202, is greater than the increase in input, Oot’st’,Ou, 
and the change has resulted in a net decrease in input. Improve- 
ment will continue with further change until one unit is operated 
at full load. The division between the regions where the units 
should be operated at equal slopes and that where one should 
operate at full load is at a load of twice Os, the load where the area 
under the derivative curve from 7’, to full load is equal to the area 
under the curve from i’; an equal distance to the left. For any 
greater load a change to full load on one unit will result in de- 
creased total input, because the area under the derivative curve 
from any such point to full load is less than the area from the same 
point an equal distance toward no load. For a practical deter- 
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mination of O; the measurement of areas under the derivative 
curve may be avoided by comparing two curves of total input, as 
was done in the case of discontinuous input curves. A curve of 
total input with equal loads and one of total input with one unit 
at full load will intersect at a total output of twice Os. 

In Fig. 5 the input curve again has points of inflection, but here 
the change in curvature is abrupt at a valve point, giving a 
derivative curve with positive slope greater than negative, and 
making unnecessary the use of curves of total input in prescribing 
load division. For loads below twice 0,, two equal units should 
divide output equally. For loads greater than twice O; and less 
than O; + Os, one unit should carry QO, and the other should 
carry the remainder. For greater loads one unit should operate 
at full load. For loads between twice O; and O,; + O; the reason- 
ing is as follows: Let the units operate at O, and O;. A change 
of distribution by increasing load on one unit above OQ, will result 
in an input increase O,7’,2’,0., which is greater than the decrease 
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in input Ost’st’s03 caused by an equal decrease in output of the 
other unit. In the same way a decrease in output below Oi, 
with an equal increase above Os, is shown to result in a net in- 
crease in input by the greater height of area Ozt'st'sOs over 
Oxi'\i'07. Therefore, for any load in this range one unit should 
operate at O,. For the other two ranges of load the reasoning is 
similar to that in cases which have been treated previously and 
need not be repeated. 

For curves with more than one point of inflection, curves of 
total input may again be used to determine critical points in the 
operating program. In Fig. 6 loads from Op to twice O; should be 
distributed equally, and for loads from twice O, to 0, + O: one 
unit should operate at O; as in the previous case. For a range of 
loads beyond O, + O, it will be better to supply a smaller incre- 
ment of input, O2i’si’,Os, than the larger one, O,t’11’s0., 80 with in- 
creasing load one unit should remain for a time at O;. Because 
of the increasing trend of curvature, the more heavily loaded unit 
may reach a load such as Os, where a decrease in its load to O, will 
result in a decrease in input which is greater than the increase 
produced by an equal increase in input to the other unit beyond 
O;. In the figure this point would be reached when Ozt’x1’s0s = 
Ori’1i'sOs, Os — Or being equal to Os — Oz. This load may be 
determined practically by the comparison of curves of total input 
for one unit at O; and for one unit at Oo. 


DISTRIBUTION OF A VARYING System LoaD—ConstTantT- 
Loap OPERATION OF SOME GENERATORS 


The criteria for least input which have been discussed can be 
followed exactly only if the loads of all units can be adjusted 
continuously as the total load changes. The ordinary method of 
power-system operation, where part of the generating units 
operate at fixed throttle, and the remainder control frequency by 
sharing the load changes, is not covered. 

Although an assumption that good operation will be obtained 
by keeping the loads near those which the previous theory would 
dictate (by, for instance, keeping the load on constant-load units 
equal to the average load on similar frequency-controlling units) 
may in some cases give nearly optimum operation, a definite 
criterion is desirable. Approximations may be far wrong when 
the load swing on the frequency-controlling units is large. Such 
a definite criterion may be used in comparing the relative ef- 
ficiency of different methods of operation, to show the improve- 
ment which would result from a more frequent readjustment of 
the load on constant-load units, or in determining the advantage 
to be derived by having more units share in frequency control. 

A criterion for this case is easily established if it is assumed 
that a curve of load against time will be a straight line within the 
range of load change absorbed by the frequency-controlling units. 
The effect of this assumption with a typical load curve and a 
typical range of load swing on the frequency-controlling units was 
investigated and the assumption was found to be justified. In 
Fig. 7, J; is the input curve of the unit or units which are to be 
operated at constant load while the system load changes by Oz—0Q\. 
The load change is to be absorbed by a frequency-controlling 
unit or units represented by input curve J2. If there are several 
constant-load units their share of the load is distributed in ac- 
cordance with the principles previously discussed, and J; repre- 
sents total input to them. If there are several frequency-con- 
trolling units their controls are so interlocked that they always 
operate with optimum distribution of load among themselves, 
so that Jz may be treated in the same way as the input curve of a 
single frequency-controlling unit. 

Curve 7, shows average input plotted against average output 
for the varying-load units as the load is changed uniformly over an 
interval, 0 — O,. The method of determining a point on this 
curve, 7 for instance, is as follows: Area 0,1;7,02 is measured and 
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divided by the length of its base, 02 — Oy, to give the ordinate of 
i. Then 7 is plotted against average output in the interval and 
under the assumption of linear load change with time, the 


6) 0. 
average is at the middle of the interval, at 2 = 


For other 


points the position of the constant interval, 0: — Oi, on the output 
as d es dI 
scale is changed. J’, is a the derivative of J2:, and I’; is a 


the derivative of J. 

It can be proved by a method similar to those already used that 
the average input will be minimum when the constant-load units 
are operated so that the slope of their input curve is equal to the 
slope of the curve of average input to the frequency-controlling 
units. A load which is to vary over the range 0: — O,, for which 
I, was drawn, is distributed so that 


dl, dls 
dO dO 
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with the constant-load units carrying a steady load of O- and the 
frequency-controlling units supplying a varying load whose aver- 
ageisO». It may be shown that the total average load 0 = Oc + 
Ov is being supplied with minimum average input by decreasing 
the average load on the frequency-controlling units by any 
amount, AO, and increasing the load on the constant-load units 
by AO. The average output is unchanged at O. From the 
geometry of the figure, the total average input has been increased 
because the increase in constant input, O.i’ci'sOx, is greater than 
the decrease in average input, Os 2's 1’sOv. 

An increase in the average load on the frequency-controlling 
units with an equal decrease in load on the constant-load units 
would evidently give the same result of increased average input 
at the same average output. The equal-slopes distribution gives 
best operation. 

All other methods of load distribution, equal fractions of rating, 
equal efficiencies, all units but one at maximum efficiency, etc., 
will lead to larger inputs except when they accidentally coin- 
cide with the methods which have been discussed. 


Discussion 


The Design of Light-Weight Trains’ 


E. L. Larson.? I regret that I cannot agree with Dr. Ekser- 
gian’s statement, “On the other hand, without any partition 
whatsoever, the torsional effect is manifested by a couple exerted 
on the main side frames, ....’’ in the section entitled, ‘Torsional 
Strength Through Step Wells and Openings.” His plain mean- 
ing is that the roof and underframe-floor lateral construction 
do not exert a couple ‘without any partition whatsoever.” 
Actually, they exert a couple under this condition. Equilibrium 
in the doorway region can be established in two ways: (1) 
Without rigid bulkheads (‘‘without any partition whatsoever”), 
by means of (a) a couple exerted by the roof and the under- 
frame-floor construction acting as lateral members, and (6) 
a couple exerted by the side frames acting as vertical members; 
(2) with rigid bulkheads fore and aft of the door openings, by 
means of either couple (a), or (b), or both couples. In other 
words, with rigid bulkheads, one couple is sufficient for equilib- 
rium but without rigid bulkheads, one couple is not enough; 
both couples are required. The actions in portions of the 
framing depend upon how these portions function with respect 
to the couples mentioned. Local torque, in the individual 
framing members across the door opening, is of minor impor- 
tance compared with the action of the couples discussed, and, 
therefore, the local torque will not be referred to after this. For 
the sake of brevity, an intermediate condition, which might be 
termed “partially rigid bulkheads,” will not be discussed. Theo- 
retically, what we are here calling a rigid bulkhead is at best but a 
partially rigid bulkhead. For the same reason, the action of the 
bulkheads in attempting to retain the original form of cross-sec- 
tion (such as trying to keep a rectangular section from becoming 
that of a parallelogram) will not be referred to. 

The accompanying diagram, Fig. 1, and equations show why 
the two couples, instead of only one couple, are required in the 
case of the door region when ‘without any partition whatso- 
ever.’ The diagram and the equation set forth an approach to a 
first approximation. For the sake of simplicity, a car with rec- 
tangular cross-section is considered. Some tacit assumptions 
are made as to end conditions. The diagram is essentially that 
of a box unfolded, with sides separated. Only one source of 
torsion is considered, namely, uneven jacking at diagonally 
opposite corners of an articulated unit of a train. In order to 
avoid complication of force arrows, the total torsional moment 
transmitted to the unit by the external forces is indicated by 
T and the semi-circular arrows in the end views. The deflec- 
tions are not shown. 

From the diagram, it is evident that “without any partition 
whatsoever,” equilibrium of moments is established in the 
various planes as follows: 


Intheend views: fWH+fHW = Tor2fHW = T 
In plan and bottom view: fWL =fLW 
In side elevations: fHL =fLH 


From equilibrium in the end views, it follows that the portion 
of the total torsional moment resisted by (a), the couple exerted 


1 Published as paper RR-56-4, by R. Eksergian, in the September, 
1934, issue of the A.S.M.E. Transactions. 
2 Chicago, Ill. Mem. A.S.M.E. 


by the roof and the underframe-floor construction acting as 
lateral members, is equal to the portion of the total torsional 
moment resisted by (b), the couple exerted by the side frames. 
acting as vertical members. 

Obviously, the approach indicated in the diagram does not 
apply to open top cars, nor does it apply to certain types of 
closed-top freight cars, those with so-called flexible roofs. The 
action of torque perhaps explains some of the creaking of wood- 
framed passenger cars. 

The five equations, at the end of the section referred to in 
Dr. Eksergian’s paper, can be made of service under the condi- 
tions for which he evidently intended them (“without any parti- 
tion whatsoever”) by substituting 7/2 for his 7’, where T' still 
has the value assigned by him, namely, the total torsional 
moment transmitted across the door opening. 
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Fig. 1 GrNERAL TORSIONAL ACTION IN A Car WITH HoLLow 
RECTANGULAR Cross-Section, WitHout Rieip BULKHEADS 
Forr AnD AFT OF THE S1pE Door OPENINGS 


[All views are outside views. 

The arrows with long heads refer to external forces or moments, in the 
plane considered, with reference to the member of the car shown. 

The forces shown in the end views by dotted arrows show how equilibrium 
is established in the end views with reference to the applied torque. 

The numerals, 1 to 8 inclusive, refer to the corners in order to assist in 
comparing the views. 

The thicknesses of the members are neglected for simplicity in discussing 
the general overall actions and because secondary actions are neglected. 
(Among the secondary actions are restraints, at edges, other than those of 
direct shear.) ] 


Dr. Eksergian also states, ‘‘...., if the bulkheads are very rigid, 
a pure torque is applied by the truss to the openings.”’ In this 
case, probably in most instances, there will be considerable 
beam action on the part of the members extending across the 
door openings, whereas the pure torque in these members will 
be of less importance, and then this will be merely as secondary 
action. 

As a matter of possible interest, reference might be made to 
“The Torsional Stress of Wings,’’ by C. P. Burgess in the fif- 
teenth annual report of the National Advisory Committee for 
Aeronautics, 1929, as well as to “The Torsion of Members Having 
Sections in Common in Aircraft Construction,’ by G. W. Trayer 
and H. W. Marsh in the same report. 
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DISCUSSION 


J. C. Firrprer.’ In recent years, the automobile and the 
airplane have seriously challenged the economic existence of the 
locomotive as a result of the design of internal-combustion engines 
with a marked reduction of weight per horsepower developed, and 
the introduction of cheaper and better fuels for these engines. 
The young science of metallurgy is swinging into a vigorous 
stride and places at our disposal alloys such as duraluminum and 
stainless steel, in which desirable properties have been obtained 
by controlling composition. Very often, substances of three 
ingredients offer useful compounds whose properties can be 
plotted on a tri-linear diagram in which each element occupies one 
of the vertices. Any point, at a vertex, on a side, or within the 
triangle, locates a substance containing one, two, or all three 
ingredients. The memorable researches of Prof. Thurston 
clearly brought this means of graphical analysis into general 
prominence. Any property under investigation can be noted 
for a given composition, and after the field has been thoroughly 
covered, a characteristic topography may be developed, and the 
compound best suited for a given purpose easily selected. 

Stainless steel possesses a triangular array of its own in which 
steel, chromium, and nickel compose the leading triumvirate. 
Compounds of these furnish interesting avenues of investigation 
of stainless steels and enhance our knowledge of their properties 
such as tensile strength, compressive strength, torsion, flexure, 
corrosion, weight, etc. (with or without previous heat treatment). 
Suitable alloys, thus attained, have contributed much to the 
design of engines of low unit weight, such as found in the 
Zephyr. 

Regarding mathematical calculations developed in the paper, 
the unhesitating use of the process of resolving indeterminate- 
ness by setting up an inclusive energy function and differ- 
entiating, may be an augury of greater future usefulness in the 
application of modern methods on the part of the progressive 
engineer thoroughly grounded in the use of mathematical analysis. 

As an addendum or extension to Dr. Eksergian’s paper, it 
might be interesting and practical for some one to investigate the 
effect that varying widths of track gage would have on the 
economics of design in equipment of the Zephyr type. We 
have railroad-track gages, varying from the monorail to gages 
wider than the so-called standard gage. We might include 
among them the negative gage as a limiting case, clearly indicat- 
ing the airplane which is not fettered to any ground track what- 
soever. If a suitable function could be set up, the orthodox proc- 
ess of differentiation and equating the derivative to zero might 
lead to some suggestive results applicable to future designs. Any 
reduction in costly trackage must surely reflect its helpfulness in 
diminishing capital charges and, perchance, in a further reduction 
in the cost of operation, all of which may prolong the economic 
life of the railroads in competition with newer developments 
arising on all sides. Adaptation to the changing order of events 
is surely a healthful sign of continued progress. 


A. M. Wriaut.t Dr. Eksergian states that train resistance 
may be divided into two primary components which are (1) that 
due to rolling and bearing friction, and (2) that due to wind 
resistance. This is true, but from tests on the actual perform- 
ance of trains, it is impossible to determine what portion of the 
total resistance is due to friction, and what portion is due to the 
air. All tests hitherto made indicate merely that the total 
resistance can be approximately represented by the equation 
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where V is the velocity of the train, and A, B, and C, are con- 


3 Professor of mathematics, Colorado School of Mines, Golden, 


Colo. 
4 Electrical engineer, The Reading Company, Philadelphia, Pa. 


129 


stants depending on the dimensions and weight of the train. 
It is usual to assume that the term CV? is due to air resistance 
alone, and in designing a train of a radically new type, such as 
the Zephyr, it was logical to resort to wind-tunnel tests to 
determine the value of the constant C. Such tests, however, 
must be accepted with caution, for several reasons. An impor- 
tant one is the scale effect. It is well known that for the flow 
around similar bodies to be similar in any two cases, the Rey- 


nolds number (2 must be the same in both cases. When 


B 
testing a small scale model in a wind tunnel, this equality requires 
the velocity used to be much higher than the velocity of the full- 
size train. It is found, however, that the drag coefficient changes 
very little over a wide range of Reynolds’ numbers above the 
critical region, so that the tunnel tests may usually be carried 
out with reasonably low wind velocities. On the other hand, 
it seems very necessary to know just how much this small varia- 
tion in the drag coefficient amounts to, in order that the results 
obtained with one value of vl may be applied to another. An 
error in the coefficient C in the train resistance equation may 
lead to very incorrect results at high speeds. To the writer, it is 
not obvious that the same scale effect applies to both the con- 
ventional and the streamlined train, for the air flow is by no 
means the same in both cases. Another point which would 
seem to require careful attention in testing such an elongated 
body as a train model is that the velocity of the undisturbed air 
stream should be uniform over the whole length occupied by the 
train. It would appear that very different results would be ob- 
tained with different types of wind tunnels due to variations in 
velocity along the length of the model. Dr. Eksergian makes 
no mention of this effect, and it would be interesting to know how 
this was allowed for in predicting the train resistance of the 
Zephyr. 

For the above reasons, Dr. Eksergian’s train-resistance formula 
can be considered only as contingent. The most satisfactory way 
of determining the train resistance, of course, is by road tests. 
In a train of the Zephyr type, which will always operate as a unit, 
resistance values can be obtained very simply from a coasting 
test. The only apparatus needed is an accurate speedometer. 
Suppose the power is shut off from the motors at some point on 
the run, and that the train is allowed to coast down to a low speed 
or even to a stop, under the retarding influence of the train 
resistance and the grades encountered. At the instant of 
shutting off power, the total energy in the train is composed of 
potential energy due to its elevation H above some datum level, 
and kinetic energy due to its velocity v. The total energy in the 
train is then 


Wv? 
He WH + — 
29 


where g should be taken at about 30 instead of 32.2, to allow for 
rotational inertia. 
E 
Dividing through by W, v H+ 29 BONER. et ears [2] 
In Fig. 2, let the distance traversed from the point of shutting 


: H+? 
off power be denoted by the abscissas, and the quantity( 29 ) 


feet be denoted by the ordinates. Thenif OM is the total value of 


: at the beginning of the test, it is clear that if there were no 


train resistance, this value would remain constant ever after, as 
shown by the line MN. Now plotting the profile of the railway 
on the same diagram, as shown by the line OABCD, the distance 
of the points on this line above the axis OX give the values of H 
in the above equation, and the vertical distances between OA BCD 
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4 


y ; , ; 
and the line OM are then equal to > From this the velocity 
4 


1 
y 


may be obtained at any point, The quantity Wy in equation [2] 


has the dimension of a length, and may be referred to aa the 
“total head,” from analogy with hydraulics, Now actually there 
is a dissipation of energy due to the train resistance, so that the 
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line MN is lowered to some such position as MP, This line may 
be obtained by observing the speed at marked points on the 
y 
route of the test, and plotting the value F above the line of the 
Ui 

profile OABCD on the diagram, It is then obvious that length 
NP gives a measure of the work done in overcoming train re- 
sistance while the train travels from Oto P, Symbolically, if we 
denote the ordinates of the curve MP by h, and the elevation of 
the track above the datum line OX by H, we have for the work 
done against the train resistance 


L [ Rdz = OM—hm OM —~|" 4 |,....- [3] 
W 24 


We can thus, by differentiating the curve MP, get a value of 
the total resistance at each point, and to this corresponds an 
observed value of the speed, ‘The train resistance at each speed ia 
therefore completely determined, 

Since the performance curves shown in Figs. 1 to 3 in Dr. 
Kksergian’s paper are based on the wind-tunnel testa of train 
resistance, they also must be regarded as contingent on revision 
of the train-resistance values, 

The author's remarks on the low power requirements of light- 
weight trains are more significant than appears from the horse- 
power requirements alone when oil-clectrie motive power is 
involved, ‘The limitations of the Diesel engine sre the piston 
speed and the mean effective pressure in the cylinder. The latter 
of course is a function of the cylinder volume, to the extent that 
the engine cannot burn more fuel than the air in the eylinder 
requires for complete combustion, Leaving supercharging out of 
consideration, we may assume that each pound of fuel requires 
about 14.6 pounds of free air for ite complete corsbustion, and 
in that case the horsepower developed by the engine is propor- 
tional to the piston area and to the piston speed of the engine. 
If 17 is the Btu content of the fuel per pound, and if 1 lb of free 
alr weighs 0.0727 Ib, we get for the output of the engine 


bhp Av 0.0727 % 778 I 
ivy ger tame tee aL aM 

, 14.6 % 33000 

where A in the piston area in sq ft, » is the piston speed in ft per 
min, and n is the number of strokes per cycle. The constant K 
for modern engines is usually between 0.13 and 0.16, and it may 
be inereased to 0.20 by supercharging. The piston speed v is 
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usually between 1000 and 1800 ft per min. To see the variation 
in the size and weight of oil-electrie sets for railway service, we 
may use Equation [4] in a hypothetical line of engines, as shown 
in the writer’s Table 1. It is seen that as the engine size increases 


TABLE 1 
(Output of Diesel Generating Sets—2-Stroke Cycle) 
Relative 

Diam Piston P generator 

* speed, No. Bip weight 
stroke {¢/min cylinders (K = 0.16) Rpm perkw% 
4% 4 1500 6 190 2250 100 
5X & 1500 6 300 1300 125 
6% 6 1500 6 430 1500 150 
8K 8 1500 6 760 1125 
10 % 10 1500 6 1200 900 250 


the speed of revolution decreases. This has a very adverse effect 
on the size of the electric generator. It may easily be shown 
that the output of an electrical machine is proportional to 
DL, where D is the diameter of the frame and L the length. 
‘The output is also proportional to the angular velocity of the 
machine, Assuming the same proportional constant in all 
cases in the table, the last colurmn shows how the weight of the 
electric generator per kilowatt increases as the size of the en- 
gine increases. The weight per brake horsepower of a large 
Diesel engine is also greater than that of 4 small engine,so that the 
net weight per horsepower of large-cylinder-capacity oil-electric 
sets ix considerably greater than that of small sets. It is there- 
fore desirable to use generating equipment of as small a capacity 
as possible. The implication of this is that if a service requires a 
viven horsepower per ton of total train weight, as shown in Dr. 
Eksergian’s Fig. 4, the total horsepower required by the train 
must be as small as we can make it, if a reasonable overall-weight 
efficiency is to result. The economical use of Diesel-electric power 
in important passenger service, therefore, compels the railway 
engineer to use equipment of as low a weight as possible, and it 
seems that the best field for the Diesel-electric drive in main line 
service is in light-weight trains of the Zephyr type. 

An attempt to duplicate the performance of the Zephyr 
with heavy conventional equipment, using oil-electrie drive, 
leads to extravagant sizes and weights of motive power. 


AvrHor’s CLOSURE 


Mr. Larson’s criticism is constructive and well received be- 
cause his analysis really points out that in discussing torsional 
conditions through an opening, it is necessary to differentiate 
the loading conditions due to centrifugal inertia rolling moments 
which result in sugmented torsional loadings under operating 
conditions, and extreme jacking loadings with a light car body. 
In the former, the end couples act as balancing moments for a 
distributed inertia moment along the car, while in the latter under 
extreme jacking conditions, with supports at the ends diagonally 
opposite, we have the condition of equa) and opposite balancing 
couples at the ends of the cars. (Along with the distributed in- 
ertia rolling moment we also have distributed lateral forces, 
equal to the centrifugal loadings, reduced to the floor plane and 
balanced by lateral reactions at the center pins.) The author’s 
discussion was primarily postulated on the former condition 
because it represented augmented torsional loadings which would 
superimpose on the loadings previously discussed in the paper, 
and based on maximum operating loading conditions. Mr. Lar- 
son’s analysis pertains strictly only to extreme jacking condi- 
tions, and should be classified in a separate analysis since much 
higher stresses would be permissible. On the basis of the 
author's postulation of augmented operating loadings, the dis- 
tributed inertia rolling moments increase the loadings on one main 
side frame and decrease the loadings on the other main side frame 
over and above the normal vertical loadings. From the point of 
view of equilibrium conditions alone, such augmented loadings 


EEO 


DISCUSSION 


can be balanced entirely by vertical supports at the ends of the 
main side frames and no resultant longitudinal-shear forces at 
top and bottom of main side frames are needed since no balancing 
couple is then required for equilibrium of a side frame. If, there- 
fore, reacting longitudinal-shear forces do not act on the roof, 
transverse-shear forces would likewise not necessarily exist in the 
roof or floor system. However, the ability to transmit lateral- 
shear forces to the roof and floor across an opening is very much 
dependent on the relative rigidity of the bulkheads adjacent to 
the opening. As an extreme case, without any partitions what- 
soever, only the augmented vertical loadings and the corre- 
sponding total bending moment are maintained across the open- 
ings, such up and down reactions on either side of opening being 
the resisting torsional moment for the particular section at which 
the step well is located. 

Obviously under the dynamic torsional loading postulated by 
the author, the torsional shear varies for different sections of the 
ear body in a manner similar to a beam with distributed gravity 
loadings and balancing supporting reactions at the ends. Now in 
a car body, openings near the ends are subjected to drastic verti- 
eal-shear loadings resulting in high secondary bending stress. 
For this reason augmented torsional-shear loadings which may 
induce additional bending stresses become of considerable im- 
portance. With a uniform lateral centrifugal loading inducing a 
corresponding distributed rolling moment, it is seen that the 
torsional shear would coincide with the vertical-shear loading at 
any section of the car. For this reason the dynamic roll loading 
may assume considerable importance for openings toward the 
ends subjected to heavy vertical-shear loading and therefore to 
correspondingly large torsional-shear loadings, augmenting the 
vertical-shear loadings. 

On the other hand for openings near the center of the car, 
though vertical-shear loadings and corresponding dynamic tor- 
sional-shear loadings are greatly decreased, ample reinforcement 
of the roof structure is still of major importance due to secondary 
bending under operating conditions, and to the extreme jacking 
conditions, resulting in transverse-shear forces through the roof 
under light load static conditions. 

For the case of extreme jacking, with equal and opposite end 
couples, Mr. Larson presents an analysis as a proof that lateral- 
shear forces equal to the vertical-shear forces in side frames, are 
induced in the roof and floor. His analysis, however, actually 
postulates rigid bulkheads at the ends of the car, which may only 
partly exist, and also a uniform distribution of longitudinal shear 
which may far from exist in an actual car construction. It is, 
of course, true that with equal and opposite couples applied at 
the ends, as under the extreme jacking conditions assumed, trans- 
verse-shear forces are induced in both roof and floor system in any 
actual car construction. However, the magnitude and distribu- 
tion of such forces at different sections of the car body depend 
upon the distribution and the yield of the bulkheads as well as 
the cross-framing of the car. 

In the Zephyr construction, the end cross frames are relatively 
rigid, so that the assumption of rigid end bulkheads is permissible. 
For a first approximation, the author is in agreement with Mr. 
Larson’s recommendation that without any adjacent bulkheads 
at the opening, and with a symmetrical car, the moment resulting 
from extreme eccentric jacking conditions is resisted equally by a 
transverse couple for roof-and-floor system and a couple with up- 
and-down reactions exerted on the side frames. 

In the analysis of a highly redundant structure as a car body, 
the criterion of the equilibrium of a system of reactions acting on 
several portions of the structure is not sufficient to determine 
their distribution. The distribution is effected by the relative 
yields of the various elastic members. It is always possible for 
non-statical systems to have various combinations of equilibrat- 
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ing systems, where the transfer between parts is effected by the 
action and reaction between any two portions of the structure. 
In fact the condition equations of a redundant system are neces- 
sarily supplied by the equilibrium conditions for each and every 
portion of the structure, together with the mutual reactions be- 
tween the parts. The particular distribution of the equilibrating 
system, however, is dependent on the relative deformation of the 
various members due to their elastic properties. On the basis of 
equal and opposite torsional moments applied at the ends of 
the car, it is evident that every cross-section of the car must 
sustain a mutual torsional-sshear moment between the parts. 
However, the distribution of the shearing forces which make up 
the resultant resisting couple at the section is dependent on the 
elastic yield of the structure on either side of the opening. Mr. 
Larson does not specify the elastic properties of his system; 
only the balancing system of reactions, he assumes, postulates the 
elastic system considered and, therefore, the effectiveness of end 
bulkheads in transferring a lateral-shear couple to the roof and 
floor equal to the vertica]-shear couple in the side frames. 


(4) 


Fia. 3 SymmernicaL Can WirHour Enp Buixugaps Supsecrep 
To EquaL Anp Opposite Exp BALANCING CourLEs 


There arises the important guestion as to the effectiveness of 
partial end bulkheads as compared with rigid bulkheads in trans- 
ferring transverse shear to a roof-and-floor system in extreme 
jacking conditions. Without end bulkheads, the following ap- 
proximate analysis is of interest in showing that the maximum 
lateral-shear force in a roof-and-floor system may exceed values 
postulated on the rigidity of end bulkheads. 

Case 1. Symmetrical Car Without End Bulkheads Subjected to 
Equal and Opposite Couples ot Ende as in Extreme Jacking Cond- 
tions. Referring to Fig. 3a, we assume asymmetrical car with end 
balancing couples = Rh. For simplicity the car cross-vection is 
assumed square with the common dimension, h. Let mn be the 
mid-section, which sustains a vertical shear Sve in the side walls, 
and a transverse shear Seintheroof. We will assume the torque 
transferred to the roof by light bulkheads consisting simply of 
frame bents at panel points, i.e., poste, carlines, and cross-floor 
beam. Let the resultant reactions of these cross frames on the 
side frame be Re on either side of the mid-section at distance b 
from the mid-section “a” and a distance a from ends us shown in 
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Fig. 3b. Evidently Sve = R — Rv» for the vertical shear at the 
mid-section. 


To obtain the longitudinal shear Sz or S’z, observing that due 
to symmetry no bending noment exists at center section, we have 


Sth = Roa + S(a + 6) = Ra + b) — Red 


now for the equilibrium conditions of the cross-frame bents, we 
have R.h = R:h, so that the resultant transverse reaction on the 
roof equals the vertical reaction on the side frame, and this 


a i 
—. 


R 


(Cy 


Fic. 4 Ricip Butkueap Wits a Courte Tuat Is BALANCED BY A 
Cou pire CAUSED BY SIpE-FRAME AND Roor REACTION 


equals the transverse shear in the roof Si, = Rt = Rv. But for 
equilibrium of the roof, Rib = Sxh, so that since R: = Ro, then, 


b 
Rob = R(a + b) — Rob, and since S:, = Ri = Ro, St, = n(* Ba 


2b 


b—a 


and Sz, = R 


2b 

It is evident that the values of the transverse- and vertical-shear 
forces depend upon the relative values of a and b which in turn 
depend upon the relative flexibilities and distribution of the bulk- 
head systems in general. Thus with rigid heavy end bulkheads, 
a = 0, and b = L/2s0 that Ste = Sue = R/2. 

If, on the other hand, the bulkheads were so distributed elas- 
tically that a = 6, then Sic = Rand Sve = 0. 

It is to be noted that the structure itself is assumed to be a 
symmetrical plated walled structure with symmetrical distribu- 
tion of bulkheads. The action of a trussed system is different 
and is considered later. 

Case2. With Rigid End Bulkheads. As another extreme we will 
consider the case postulated by Mr. Larson’s analysis for rigid 
end bulkheads. In this case, Fig. 4, the rigid bulkhead has a 
couple kh = 4, which is balanced by a couple Vh + Hh, due to 
side frame and roof reaction. For equilibrium of side frame 
VL = Qhand for the roof Qh = HL,sothat H = V. This is based 
on the premise that the rigidity of cross frames is small compared 
with end bulkhead and the frame and roof are reasonably sym- 
‘metrical. Since Hh = Vh, evidently H which also is the trans- 
verse shear for any section of the roof, is /2h = R/2. 

Thus, on the premise of rigid end bulkheads, the transverse 
shear in the roof is reduced to one-half the end reaction R and the 
transverse shear in the roof equals the vertical shear in the side 
frame. 
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Distribution of Torsional Shear in Truss Space Framework. In 
order to show more clearly the effect of the elasticity of the system 
on the distribution of the lateral-shear forces, the simple frame 
structure shown in Fig. 5 has been analyzed. Three cases have 
been considered: (a) with rigid end bulkheads, (b) with the for- 
ward end bulkhead having a diagonal with the same rigidity as 
the diagonals in subsequent cross-panel frames, and (c) with light 
diagonals in both forward and intermediate cross frames with a 
rigid bulkhead at the back end. Evidently the transverse and 
vertical shear for top and bottom and the side frames correspond 
to the components of the diagonal tensions in these directions. 

(a) Truss space framework with rigid end bulkheads. If © 
is the total torque transmitted, Vb is the reacting couple on the 
rigid bulkhead due to the vertical force V, and Hh is the reacting 
couple on the rigid bulkhead due to the lateral forces H, then the 
total torque requires the condition: 


Hh + Vb = ® (equilibrium of rigid bulkhead) 


We may therefore choose either H or V as redundant. In addi- 


tion we select the tensions in the diagonals of the truss bulkheads 
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(c) Top,7~Rigid Bulkhead at Ends 


Fie. 5 Disrriwurion or TorstonaL SHAR IN TRUSS SPACE 
FRAMEWORK 


as tension redundant reactions. 
the third degree. 


& — Hh 
V= : 
ar 


angles ¢, and ¢2 with respect to the vertical. 


The system is indeterminate to 
The redundants are H, T;, and 7. Evidently 


Assume the diagonals in the bulkheads make 
Then the loadings 
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on the left vertical side frame are V, 7, cos ¢; and T; cos ¢2. For 
the top horizontal side frame, the loadings are H, 7; sin ¢; and 
T2 sin ¢2. In like manner we have a similar loading system for 
the right and bottom side frames. 

Considering now the rear end bulkhead, the reactions of the 
vertical side frames are 


V’ = V—T, cos ¢: — T2 cos ¢2 
and for top and bottom frame 

H’ =H4+T;,sin ¢ + T, sin ¢2 
’ The couple on the rear bulkhead is 


'= V'b + H’h = Vb + Hh = 


since h sin ¢ — b cos ¢ = 0 at any intermediate bulkhead, thus 
giving an equilibrium check. 
It is to be noted that the distribution for the component couples 
' due to vertical- and horizontal-shear forces are definitely different. 
In other words they are affected by the relative rigidity of the in- 
' termediate truss bulkheads. 
For a solution of this system, we have the loading conditions 
for each side truss. Evidently the total stress in any member has 
the form 


T = ab + BH + yT, + wT2 


where H, 7;, and JT, are the redundant forces. Therefore, 
1% 
equating the differential coefficients of the elastic energy 2 OBA 


with respect to each of the redundants to zero, we have 


= 0 


ilies 


Z(ab + BH + yTi + wT) B 


1 
+ #T2) y¥> = 0 


z (ab + BH + Ti ii 


l 
zy (ab + BH + 77; + aT) uF = 0 


from which we can solve for H, 7;, and T; in terms of the applied 
moment, and V from the relation Vb = ®— Hh. On the basis 
of equal cross-sectional areas for truss members and diagonals in 
intermediate cross frames, and assuming square panels, i.e., h = 
b, we have 


187.94H + 74.697, + 25.687, = 93.97 ®/h 
74.69H + 38.237; + 14.1672 = 36.99 &/h 
25.68H + 14.167, + 11.577, = 12.496/h 


hence H = 0.5149 /h T, = — 0.027 0/h 
V = 0.4851 /h T, = — 0.0305 &/h 


(b) With tension diagonal bulkheads of same rigidity as truss 
frames, considering rigid bulkhead only at rear end. In this 
ease we have no rigid-forward bulkhead, the forward bulkhead 
being replaced by a diagonal brace. The tension 7 in this 
diagonal replaces the redundant reaction H in the previous analy- 
sis. The redundants are now 7’, 7;, and T2, the redundant ten- 
sions in the diagonals of the cross-frames. 

On the basis of equal cross-sections for all members, we have 


ll 
Il 


96.887 + 52.817, + 18.167, = 66.45 6/h 
52.817) + 38.237, + 14.167, = 36.99 6/h 
18.167) + 14.167, + 11.577, = 12.494/h 
so that 
To = 0.638 &/h, T, = 0.104 6/h, T; = —0.050 &/h 


(c) Assuming flexible bulkheads, with tension members in 
cross-frames having one quarter the cross-sectional area of main 
members in truss frames. In this case we arrive at the equa- 


tions: 
101.1370 + 52.817; + 18.167, = 66.45 6/h 
52.817) + 42.477, + 14.167, = 36.99 /h 
18.167) + 14.167; + 15.817, = 12.49 6/h 
so that 


Fo = 0.577 &/h, T; = 0.158 6/h, T, = —0.015 &/h 


For the conditions in (a), the stresses in the side-frame diago- 
nals and stresses in the top- and bottom-frame diagonals are 
listed in Table 2. The vertical- and transverse-shear components 
were similarly estimated for conditions (b) and (c). 


TABLE 2 STRESSES IN MEMBERS AND DISTRIBUTION OF 
SHEAR IN PANELS FOR CONDITION (a) 


Stresses in side-frame diagonals: 
Mem- 
ber Tension 


be VvV/2 = 0.686 O/h 


———— 


Vertical Shear Comp.——— 


yv2 — 0.4851 b/h 
V2 


cf (VVW2—T1) = 0.7136/h (VV2 — T) a = 0.5043 &/h 


a 


dg (VV2—T—T) = 0.744 /h (VV/2 — Ti — Tr) Ee 0.5258 &/h 
2 


Stresses in Top- and Bottom-Frame Diagonals: 


Mem- 
ber Tension -——Transverse Shear Comp.—— 
fe’ Hv/2 = 0.728 &/h a = 0.5149 &/h 

2 


of’ (HV2+ 7) = 0.701 &/h (HV/2 + 11) aE = 0.4957 &/h 


hg’ (HV/2 + T1 + Tr) = 0.670 &/h (HV2 + Ti + 72) is = 0.47426/h 
The values of the transverse- and vertical-shear components in 

bays I, II, and III are given in Table 3. 

TABLE 3 VALUES OF TRKANSVERSE- AND VERTICAL-SHEAR 


COMPONENTS IN BAYS I, II, AND III 


Transverse shear in the roof: 


Rigid Bulkhead Bulkheads with 
end with light 
Bay bulkhead diagonal Gaconals (A/A) 
I 0.5149 R® 0.4514 R 0.4080 R 
II 0.4957 R 0.5252 R 0.5200 Rk 
Ill 0.4742 R 0.4896 R 0.5095 R 
Vertical shear in side frame: 
I 0.4851 R 86 20 
II 0.5043 R 0.4748 R 0.4800 R& 
Ill 0.5258 R 0.5104 R 05 
SR = O/h. 


From this we note that as the end bulkheads become more 
flexible the transverse shear is reduced in the end bay but, even 
with relative flexible end bulkheads due to the greater distortion 
at the ends, they are very effective in equalizing the torsional- 
shear distribution in roof and floor system and side frames. 

It is also of interest to note that intermediate bulkheads are 
not subjected to heavy loadings as indicated by the relative small 
values of the cross-frame tension diagonals 7; and T; for all three 
cases. 

On the other hand to transmit torsional-shear stresses through 
openings under operating conditions with heavy inertia rolling 
moments, relative rigid bulkheads adjacent to the openings are 
effective in inducing lateral-shear forces in the roof and floor sys- 
tem and thereby providing a better torsional-shear distribution. 
The relative magnitudes of this distribution are obviously greatly 
dependent on the relative flexibilities in the transverse and 
vertical directions through the opening. 
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Mr. Wright’s discussion is also most interesting and valuable. 
He raises the question of the validity of premising the train-re- 
sistance component due to air resistance on the basis of wind- 
tunnel experiments on models mentioned in the paper. On 
similarity tests with models and full-scaled trains let P’ and P be 
the total resistance of model and the air-resistance component for 
a full-size train. 

From dimensional analysis, 


P! = kp'v'*A’f’(R’) for model 


P = kpv?Af(R) 


where k is numeric, consistent for units used, p is the mass den- 
sity, v is the velocity, A is the cross-section of train, and 


for large-size train 


R= is the Reynolds number, a non-dimensional parameter. 
B 
If we write the drag coefficient in the form P = D-Av* then 
De = kp'f'(R’) 
De = kof(R) 


for the model 
for the large-size train. 


Since p’ = p, approximately, evidently the condition for no 
scaling up from the model to full-size train, requires equality of 
the drag coefficients, so that 


f'(R’) = f(R) 
iz 
Let us first assume that Pay = f(R) has the same function for 


both the model in the wind tunnel and for the full-size train. 
Then the condition for equal drags reduces to f(R’) = f(R). 
Now for the full-size train, even assuming considerable speeding 


L 
up of the velocity v’ in the wind tunnel, R = ee is still greater 
M 
17 


L 
than R’ = a 


, 


for the model. But in the range of turbulent 


motion considered which in both eases is considerably above the 
critical velocity, the function f(R) is practically constant so that 
f(R) can be assumed practically equal to f(R’) of the model, even 
though R > R’. 

Actually it would be anticipated that the function of the 


Iz 
Reynolds number, RSET Be f(R) to decrease somewhat with 


pur A 
increasing Reynolds numbers. Therefore since R is inherently 
greater than R’, the drag coefficient for the full-size train should 
be somewhat less than for the model. Actually it has been found 
that a positive scaling up is necessary. 

This would indicate that in scaling up the drag coefficient, the 
f’(R) is not the same as f(R) for the full-size train, f(R) in general 
being greater than f’(R) for the model. This would be antici- 
pated inasmuch as the boundary disturbing effect at the rail is 
different from that in a wind tunnel even with a dividing plane in 
an image duplication of the model. 

Mr. Wright also raises the question that the scale effect in a 
wind-tunnel experiment may be different for conventional and 
streamlined trains due to the fact that the air flow is different; 
also that the scaling may be seriously affected by non-uniformity 
and disturbances of air flow in a long model in a wind tunnel. 
This conclusion seems reasonable and further points to the fact 
that the Reynolds function may be appreciably different for these 
cases as well. 

On the other hand from a practical point of view, on the basis 
of the Davis formula modified for drag coefficients for air resis- 
tance obtained from the Massachusetts Institute of Technology 
wind-tunnel tests, test results for balance speeds of the Zephyr 
indicate a remarkable consistency. In the author’s paper, the 
drag coefficient was scaled up by 20 per cent in the correction for 
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the air-resistance component in the Davis formula. At 4.3 hp 
per ton computed balance speeds indicated a top speed of 96 
mph. Actual top speeds of the Zephyr were somewhat over 100 
mph and test results indicated that actually very little scaling up 
of the drag coefficient was necessary. For these reasons the 
author is convinced that reasonably satisfactory drag coefficients 
can be obtained from wind-tunnel tests, particularly for short 
trains with small modification in drag coefficients. 

Mr. Wright suggests simple coasting retardation tests for ob- 
taining train resistance on the basis of accurate speedometer 
data and a profile of the road. He introduces an ingenious 
graphical method which has the advantage of materially aiding 
in the faring of the plotting data by resolving the energy compo- 
nents in terms of heads. The gradient of the curve MP corre- 
sponds to the resistance at any point. 

From the energy equation 


d | ve + wa | = —Rdz, where dH = dzsinae 


we have, between any two points, 


Instead of plotting the curve, 


kup? kv? 1 ¥ ‘ 
—|#+ |-4 Baers 6] 


and differentiating with respect to x for the train resistance, per- 
haps a closer approximation would be obtained by directly 
plotting the velocity curve and below it the profile curve. Then 
for any two adjacent points 1 and 2 along the curves, we can write 
either Equation [5] or [6] in the form 


v2 — v7 R 
k (eae) — (H; — H,) = W (x2 — 21) 


or 


(5 Vg aa v1 R 
= | ———— — ») — (A; — hi) = = _ 
g ( 2 ) (1 v2) (Hz 1) Ww (2 1) 
where the interval z2 — z, is taken sufficiently small to assume 
R constant. 


Allowable Working Stresses Under 
Impact’ 


AuTHOR’s CLOSURE 


JN a criticism of the author’s paper, E. Dillon Smith states that 

the “raising factor’ of the yield point or ultimate strength 
under impact cannot always be the same and that it depends on 
the velocity of impact, the inertia of the beams, and its natural 
period. The illustration of the idea given by the author at the 
end of this article will show that in some cases the dynamic force 
may produce a greater deflection and consequently a greater 
stress than the static one. 

The author fears that Mr. Smith does not make enough distinc- 
tion between two different things namely, (1) the relation be- 
tween the dynamical and statical yield point and tensile strength 
and (2) the relation between the statical and dynamical external 


1By N. N. Davidenkoff, Head of the Mechanical Department of 
the Physico-Technical Institute in Leningrad, U.S.S.R. Published 
with discussion in A.S.M.E. Trans., March, 1934, vol. 56, no. 3, 
paper APM-56-1. 
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forces, revealing the same stresses in the specimen. The data 
given by the author in Tables 1 and 2 do not relate to the method 
of calculation of dynamical stresses, but only assume that this 
- method of calculation is correct. In cases similar to those cited 
by Mr. Smith, as when an elastic impact is being produced by a 
light hammer against a heavy beam, the inertia of the beam can- 
not be neglected when calculating the stress. If we take into 
account this inertia and observe that the beam is deflected, not 
_ only by the pressure of the hammer, but also by its own inertia 
’ forces, then there will be no discrepancy between the deflection 
and the actual force. The author however, wishes to assure Mr. 
Smith that the values given in Tables 1 and 2 have been obtained 
from tests of small specimens in longitudinal tension or compres- 
sion using sufficiently large hammers. In this case the inertia 
forces of the specimen can be completely neglected, especially 
due to the long duration of non-elastic impact and the high nat- 
ural frequency of the longitudinal oscillations of the specimen. 
In this manner the measurement of the impact stresses was re- 
duced to the simple measurement of the impact pressure of the 
hammer. 

The question of the influence of the impact rate or rather the 
rate of increase of the impact stresses on the value of the 
“raising factors” will now be considered. There is no doubt that 
this influence exists. Up to now, however, all attempts which 
have been made to investigate this influence have led either to 
doubtful results? which could be explained by the conditions of 
the experiment or a negative® answer. R. Plank‘ gives some 
data stating the following dependence of dynamic tensile strength 
o on the velocity v. 


av 
c= 
o+ob 


where a and b are constants. Owing to the peculiarity of these 
data the author did not dwell on them in his paper. 

Mr. Smith objects to the connection of the upper and lower 
branches of the curve Fig. 8. In admitting this operation for 
Fig. 7, he must accept it for Fig. 8, which represents a picture of 
the same physical phenomenon, but only more definitely pro- 
nounced. Moreover, some of the values in Fig. 8 tend to ap- 
proach the connecting curve. 

Mr. Smith does not seem to agree with the author as to the 
difficulty of accurately double differentiating curves. With 
small-scale diagrams this difficulty will undoubtedly exist and 
the best proof of this is the discrepancy which exists between 
diagrams obtained by different investigators®:* under similar 
conditions. In the proper choice of equations for the curves to 
be differentiated, apart from the tediousness of the process, 
there is the risk of smoothing out imperceptible deviations which 
under double differentiation will grow into considerable waves. 
See for instance Mr. Smith’s diagram, Fig. 11. 

As to the use of piezo quartz, the author does not understand 
why Mr. Smith neglects the possibility of safeguarding the quartz 
crystal from rupture during the experiment by keeping the proper 
relation between the size of the crystal and specimen. 

The author is greatly obliged to Mr. Smith for the detailed 
account of the principles of the piezo-quartz method on which 
the author did not dwell in his paper. Mr. Smith, however, sus- 
pects that the photographs given in the paper are not those given 
by a cathode-ray oscillograph. From the explanation given of 
Fig. 3, Mr. Smith might have seen that the cathode rays get two 


2 Proc, Intern. Assoc. of Testing Materials, 1912, no. 9. 

8Charpy a Cornu Thenard., Jour. of Iron & Steel Inst., vol. 
96, 1917, p. 61. 

4 Zeit. V.D.I., vol. 56, 1912, p. 17. 

5 Mitt. K-W. Instit. f. Eisenfor., vol. 7, 1925, p. 81. 

6 Deutsch. Ver. f. Materialpr., 1927, no. 78. 
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mutually normal deviations, the latter of which is created by the 
magnetic field for the special purpose of developing a picture 
without using a moving film. 

Finally it might have been better if the author had given a 
description of the calibration of the piezo quartz which was done 
by a simple static loading. This omission may have given rise 
to the suspicion that a more complicated method was used. 

The author is greatly interested in the work of Prof. R. V. 
Southwell, which shows how careful one must be in respect to the 
value of the so-called ‘“‘mean impact force” computed as the quo- 
tient of the energy of fracture and the deformation of the speci- 
men. It is obvious that under ordinary test conditions we will 
always obtain an exaggerated meaning of the impact force. 

In connection with Figs. 7 and 8, Messrs. Mason and Stone 
mention the phenomenon of “‘blue-heat brittleness’’ whereas the 
phenomenon is displayed under impact at higher temperatures 
namely, above 500 C and the phenomenon shown in Figs. 7 and 
8 should be called “cold brittleness,” and is of quite a different 
physical nature. 


Effects of Side Leakage in 120-De- 


gree Centrally Supported 
Journal Bearings’ 


Mayo D. Hersny.? The author brings out the point that 
the side-leakage effect depends not only on the bearing de- 
sign, but also upon the load carried. Since, however, the side- 
leakage effect is expressed as a simple ratio, it would seem prob- 
able that the situation might be more completely and exactly de- 
scribed by saying that the side-leakage ratio depends also on the 
dimensionless generalized variable G, more commonly known as 
ZN/P, and which, in the author’s notation, is written as uN/Po. 

The author has presented two side-leakage factors or ratios, 
one being the ratio of the frictional resistance of the actual bear- 
ing to that of an ideal bearing without side leakage; the other the 
corresponding ratio of load capacities. | The writer’s previous 
statement regarding G has reference only to the friction ratio. It 
is not clear to him what is meant by saying that the other ratio, 
the ratio of load capacities, depends on the load. It is suggested, 
however, that the side-leakage factor for load capacity depends 
not only on the bearing design, but also on the product of the 
viscosity » by the speed N, and might be so represented on a dia- 
gram. 

Another point which is not yet clear to the writer is how it 


a 2 
comes to pass that the Sommerfeld variable G (:) remains intact 
7 


in the side-leakage problem, as shown by Fig. 13 in the article 
under discussion. When this variable was introduced by Som- 
merfeld in 1904, it resulted from a detailed integration, valid only 
for the ideal bearing free from side leakage. 

If the paper presented by Mr. Needs contains a mathematical 
proof that this simple result may be derived from Reynolds’ 
equations, as I believe it probably does, it would seem well worth 
while to segregate this proposition from the rest of the paper. 
Otherwise, it might be construed that the proposition has been 
tacitly assumed in the very beginning. 

Some remarks might be offered concerning the methods of 
graphical representation selected by Mr. Needs. It is natural 
that he should lean toward the viewpoint of the machine de- 


1 Published as paper APM-56-16, by 8S. J. Needs, in the October, 
1934, issue of the A.S.M.E. Transactions. 

2 Division of Engineering, Brown University, Providence, R. I. 
Mem. A.S.M.E. 
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signer as contrasted with that of the operating or lubrication en- 
gineer. Consequently, most of his results are presented in terms 
of the more intangible factors such as the eccentricity ratio c. 
A welcome exception is found in Figs. 13 and 13a of the au- 
thor’s paper. Here the Sommerfeld variable has been selected 
for the independent variable, or abscissa, in the coefficient of 
friction diagram. Would it be possible to give a similar diagram 
for the eccentricity ratio, or better still, for the relative film 
thickness, ho/n? 

Referring to Fig. 10 in the author’s paper, it seems paradoxical 
that the friction ratio decreases as the bearing becomes narrower 
and side leakage worse. The explanation lies in the fact that 
the curves shown are for equal eccentricities. But in actual prac- 
tice, if we compare a collection of bearings, all having the same 
clearance-diameter ratio, and all being tested under the same 
operating conditions, that is, at the same value of G, the eccen- 
tricities will not beequal. A curve of this type plotted against the 
length-width ratio would show an increasing frictional resistance 
ratio as the bearing is made narrower. Such a curve might be 
constructed by cross-plotting from the author’s Figs. 13 and 13a. 

In conclusion it might be asked if the author has compared 
his results with the approximate solutions of Giimbel, Stodola, 
Boswall, Karelitz, or Duffing? 


R. Baupry.* The bearing characteristics given by Mr. 
Needs have been compared with those obtained by a method of 
analysis‘ based on data previously presented. 

In Fig. 1 are plotted curves from data given by Mr. Howarth 
and Mr. Needs, which show the characteristics of a 120-deg. 
bearing of infinite width. The characteristics of the bearing 
have been given in functions of the characteristic number ZN /P, 
where Z is the viscosity in centipoises, N is the revolutions per 
minute, and P is the unit pressure in lb per sq in. The curve 
for n/r gives the relation between the clearance ratio n/r and 
ZN /P given eccentricity C. 

Similar curves are plotted for the coefficient of friction, oil- 
film thickness, location of the minimum oil-film thickness, with 
respect to the time of action of 
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ratio of 2and 3. These data have been plotted as solid curves 
in Fig. 2. 

In his paper Mr. Needs presented data for the location of the 
point of negative pressure, which for large eccentricities is lo- 
cated between the point of maximum pressure and the outlet 
edge. This shows that it is not permissible to assume that the 
negative pressure begins at the point of nearest approach as many 
authors have done. In the absence of complete data for the 
location of this point, we have assumed, in finite bearings, that it 
is located half way between the outlet edge and the point of near- 
est approach for the infinitely wide bearing. We obtain in 
length 


width 


this manner the oil-film ratio of , from which the broken- 
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the load (#), and the ratio of 
the maximum to the minimum 
oil-film thickness, hm/ho. These Xe 
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curves reveal the condition of 
minimum friction and maxi- 
mum oil-film thickness as shown 
by Mr. Kingsbury. It 
also clearly seen that for a 
rather large variation of the 
clearance ratio, there is only a 
small change in the coefficient 
of friction and minimum oil- 
film thickness. 

Boswall, in his book, “The 
Theory of Film Lubrication,” 
has given some data for the 
leakage factors of a plane bear- 
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line curves in Fig. 2 were plotted. These correspond to the differ- 
ent bearing eccentricities calculated by Mr. Needs. It is inter- 
esting to note that these curves agree closely with data published 


_ by Boswall and interpolated for different values of hm/ho. 
J In Fig. 3 are shown the characteristics of a 120-deg bearing 


: 


in which the length of the bearing is equal to the diameter of the 
shaft. It is seen that for a variation of the clearance ratio from 
less than 0.001 per in. to more than 0.002 per in., the coefficient 
of friction will vary only plus or minus two per cent of the mean 
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value shown on the curve. There is also a variation of the same 
order for the oil-film thickness. 

In Fig. 4 is shown the permissible clearance ratio necessary to 
operate at the optimum condition. It is interesting to note that 
this corresponds with the clearance used on Westinghouse bear- 
ings. For high-speed turbo-generators which operate under 
values of ZN/P from 100 to 400, a clearance ratio of 0.002 is 
used. For formerly used slow-speed power bearings, with a 
120-deg angle and having a value of ZN /P below 100, a clearance 
ratio of 0.001 was used. This shows a rather close agreement be- 
tween theory and practice. 

The leakage factors for oil flow published by Boswall also show 
close agreement with those of Mr. Needs. From this comparison 
it is seen that the different leakage factors are mainly a function 
length 
width 
Needs, that a single set of curves for leakage factors can be used 
with a reasonable degree of accuracy for many different types of 


of the 


ratio and h»,/ho. It seems, as suggested by Mr. 


_ bearings. 


Aupert Kinespury.’ The paper on ‘Optimum Conditions 
in Journal Bearings,”’ to which Mr. Needs refers, contains several 
assumptions which are known to be not strictly true, but were 
taken as near enough to the truth to provide for the development 
of a theory that would be serviceable for practical work. 

Among these assumptions are: (1) That the viscosity of the 
oil during its passage through the film may be taken as a constant 
value represented by its average value; (2) that the form of the 


_ surfaces is definitely known; (3) that the friction per unit width, 
_ with given clearance ratio and eccentricity, is the same for narrow 


bearings as for wide*bearings; and (4) that the optimum condi- 
tions are obtained with the same eccentricity for both wide and 


marrow bearings. 


tions. 


The theory is open to improvement in respect to these assump- 
Mr. Needs has investigated the degree of inaccuracy in- 
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volved in the third and fourth of these assumptions, while still 
retaining the first two. The results of his work are interesting, 
and form a valuable extension of the theory. 


J. R. Connetty.* In that part of the paper by Mr. Needs 
dealing with the selection of dimensions of a proposed bearing, 
it is implied that wear at starting and stopping in the absence of 
an oil film is directly proportional to po (the ratio of total load to 
projected area). 

Experimental evidence obtained in the laboratory at Lehigh 
University using the same journal, lubricant, and bearing metal 
seems to indicate that variation of the length to diameter ratio 
results in a variation in the unit pressure at which wear ceases. 
Also, for certain values of the length to diameter ratio, there seems 
to be an inverse relation with the unit pressure at which wear 
ceases. 

Should the above condition be found to exist for other metals, 
journals, and lubricants, then the selection of the dimensions of 
a bearing must include a consideration of the maximum value of 
po at which wear ceases. 


AuTHOR’s CLOSURE 


The statement referred to by Mr. Hersey, that side-leakage 
length 
width 
that the speed, viscosity, and clearance ratio remained constant 
while the load was varied. Fig. 9 of the paper shows the side- 
length 
width 
ratio. Any change in eccentricity causes a change in the side- 
leakage factor. Hence, Mr. Hersey’s suggestion that the side- 
leakage factors depend on the speed and viscosity as well as the 
load, gives a much clearer picture of the situation. Another 
factor affecting eccentricity is the clearance ratio, which must 
also be included in the group determining the side-leakage factors. 

It may be shown mathematically that the Sommerfeld variable 
remains intact in the side-leakage problem. If in Reynolds’ 


equation, 
a) Op 0) Op oh 
ern (ye EM yA eee = ye 
or (. 2 a (. 4 Eine 


we write h = n(1 + ccos 8), 2 = ad, z = ad, and p = 


factors depend on bearings loads as well as ratios, assumes 


leakage factors to vary with the eccentricity for a given 


Ea 
ea CA 
? 


0) a. p) 
Equation [1] becomes a E + ¢ cos ot] ar ae E aa 


) 
cos 6) = = —csin @. Any solution of this equation is of the 


form, q = f’ (6, ¢, c). Hence, any solution of Equation [1] 


is of the form, 
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When, for infinite width Equation [1] reduces to 
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the solution is of the form, 
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Fic. 5 
FELD VARIABLE From 0 To 500 


As far as the absence of 7 is concerned f, and f are of the desired 
form. The group coefficients of f, and f, are identical in the cases 
of finite and infinite widths, hence, when the Sommerfeld variable 


] h 
— ratio will be 


is taken as the abscissa, the curve for each 


independent of the clearance ratio. 

Variation of eccentricity with the Sommerfeld variable is given 
in Figs. 5 and 6 of this discussion. Since ho/y7 = (1 — c), the 
relative film thickness may also be found from these charts. 

No comparison of the results of the present paper with the 
approximate solutions mentioned by Mr. Hersey has been made 
by the author. Mr. Baudry has made some comparisons of 
side-leakage factors with data published by BoswalJl. Compari- 
son with other formulas should prove equally interesting. 

Mr. Baudry’s curves are of special interest in that they ex- 
press the thought that the data as presented are not in suitable 
form for all designers who might care to use them. The results 
of future research, together with the information now available, 
will no doubt indicate a more logical and useful method of pres- 
entation. Attention should be called to the fact that Mr. 
Baudry has plotted the values of K’ and not the absolute value of 
the quantities referred to by the curves. This accounts for the 
peculiar appearance of the ho curve, which at first glance appears 
to indicate that ho = 0 when c = 0; when in fact, when c = 0, 
ho = the radial clearance n and the film is of uniform thickness. 

It should be pointed out that assumptions (1) and (2) men- 
tioned by Dr. Kingsbury may be included in solutions by the 
electrical method. He has made investigations of (1), par- 
ticularly with reference to plane surfaces; and has pointed out 
that the electrical method may be used for any form of bearing 
surfaces. 

From Mr. Connelly’s comments it may be inferred that there 
is some value of the unit pressure, other than zero, at which 
there will be no wear at starting and stopping; but he does not 
state that the experimental evidence on which his remarks are 
based was obtained with a journal bearing under actual starting 
and stopping conditions. Experimental results, showing the 
relationship between wear, unit loading, and length-width ratio 
if a practical bearing, as the speed is varied from zero to the 
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point where a film is formed, would be of great interest and value. 

Attention is called to one or two typographical errors in the 
paper itself. Jn Tables 1 and 2, the third column from the left 
should be headed c and not c, deg. In Fig. 17, the left-hand 
vertical scale should read 0, 0.2, 0.4, 0.6, 0.8, 1.0. 


Exact Construction of the (o, + «)- 
Network From Photoelastic 
Observations’ 


E. E. Werseu.? In its practical application, Dr. Neuber’s 
proposed method of determining the values of principal normal 
stresses from photoelastic observations does not appear to the 
writer to permit a saving in time over the existing methods. 

It may be compared with Filon’s integration method which 
also makes use of quantities determined graphically and obtains 
its results by means of a step-by-step process. In Filon’s 
methods, in one of its forms, either principal stress is found di- 


ds 
rectly by numerically adding quantities of the type («: — ¢2) a 


where dz is the intercept between isoclinics, drawn in the direc- 
tion of one of the principal stresses, and ds is the increment of 
length along the stress trajectory which is the path of integration. 

In the method proposed by Dr. Neuber, the graphical construc- 
tion which must be made at each point considered requires the 
taking into account of six quantities: the directions 1, 5, and 7; 
the spacings b and c; and the value of (a; — on). 

In a simple curved-beam problem studied recently, about 400 
points would have had to be considered for either the Filon 
or the Neuber method in order to cover satisfactorily that 
portion of the member which was of interest. It is the large 
amount of detailed measurement which has caused Filon’s 
method to be described by a number of workers as tedious. The 
Neuber method does not reduce the amount of measurement and 


1 Published as paper APM-56-17, by H. P. Neuber, in the Oc- 
tober, 1934, issue of the A.S.M.E. Transactions. 
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requires in addition a graphical construction at each point con- 
- sidered. 
It is the writer’s opinion that problems for which principal 
stresses can be obtained by either of these graphical methods can 
ibe solved in a shorter time by means of the membrane-analogy 
method, using either a soap film or a stretched rubber membrane. 


Tuomas H. Evans.* Although it appears to the writer that 
- two other methods for constructing a (o; + o2)-network have 
‘decided advantages over any yet developed, that proposed by the 
author seems somewhat simpler than the graphical integration 
used by Filon and others. 
Any such method, no matter how exact theoretically, that re- 
_ quires the plotting of lines obtained with the polariscope, and 
the construction of others at given gradients to these, is sus- 
ceptible to graphical error. Although the method under dis- 
cussion does not require a plot of the stress trajectories, as does 
_ that of Filon, it is necessary to trace out isoclinics, which in some 
parts of a stressed model are extremely difficult to resolve ac- 
_curately. Assuming, however, that the basic systems upon which 
‘the network is constructed are accurate, a great deal of tedious 
plotting and checking is necessary unless further inaccuracy is to 
be introduced by sketching in lines from only a small number of 
| calculated points. 
| The two methods mentioned above, which appeal to the 
writer as being simpler to apply once the necessary equipment 
has been assembled, are the membrane analogy, and an optical 
method. The former was described in an excellent paper by 
McGivern and Supper‘ while the latter was successfully used by 
Tesar and Cornu in France. The membrane analogy relies only 
on the accuracy of boundary stress determinations, photoelasti- 
cally, to plot accurately a (a; + o2)-surface. The optical method 
of measuring thickness variation in a stressed model (and hence 
a; + a) by the method of interference-fringes is entirely inde- 
pendent of the previous photoelastic work to determine (¢;— 02), 
and is extremely simple and accurate. 


M.S. Noyes.’ This is the first paper that the writer has seen, 
on the photoelastic examination of material under stress, which 
sets up mathematical descriptions of the observed lines of 
stress. The writer feels that the author has bridged the gap 
between the photographic record of the stressed model and the 
older approximate formulas for the apparent stresses. 

The usefulness of the theory and method given, however, is 
exactly in proportion to the ease with which they can be applied 
to all of the ordinary problems met in design work. The writer 
wishes, therefore, that the author had lengthened his short 
paper sufficiently to include in some detail the application of his 
graphical method to the symmetrical angle plate analyzed in Figs. 


8 and 9. It is not readily apparent, for instance, whether the 
AL KS) 
formula, —100 = Th - ao 1), in these figures, is supposed to 


represent the true stress for (o; + o2) or an apparent one. 


A.M. Waut.® In connection with the problem of determining 
the principal stresses from photoelastic observations, a recently 
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developed lateral extensometer described elsewhere’ has proved 
very useful. 

This lateral extensometer differs from that used by Coker in 
that the points are pressed against the specimen with a small but 
definite pressure and are held in one location while the specimen 
is being loaded. There is thus no possibility of sidewise motion 
of the points during the loading of the specimen, and hence no 
errors are introduced due to slight variations in thickness from 
point to point. The whole apparatus is balanced and supported 
by springs so that the specimen may deform slightly without 
causing slippage of the points (which carry practically no load). 
The results obtained by using this extensometer were very con- 
sistent, successive readings obtained by removing and reclamp- 
ing the extensometer at the same point seldom differing by more 
than 50 lb per sq in. for a 0.33 in. thick specimen (bakelite may 
easily carry values of o; + «2 equal to 5000 lb per sq in. within the 
elastic limit). 

The instrument was checked against a theoretical solution 
(obtained by Howland®) for a plate having a hole with a diameter 
half the width. It was also checked against photoelastic values 
of o, (o2 being zero) near the free edges of some specimens de- 
signed to simulate the conditions in press fits. In all these 
cases the results obtained by the lateral extensometer agreed 
closely with those obtained by other means. 

In most practical cases, we are interested only in the stresses 
in a comparatively localized region, such as, for example, the 
minimum section in the case of a tension bar with a hole or 
along the line of contact between hub and shaft in the case of a 
press fit. In such cases the instrument has proved particularly 
useful, since a few measurements made near such points will 
give a good idea of the stress distribution in a relatively short 
time. 

Dr. Neuber has presented a very ingenious method of deter- 
mining o; + o, and one which appears to represent a definite 
improvement over previously used graphical methods. The 
writer feels, however, that the use of an accurate lateral exten- 
someter will result in a considerable saving of labor as compared 
to the graphical method, while, at the same time, giving suf- 
ficiently accurate results for most practical work. 


AUTHOR’sS CLOSURE 


In the discussion of the paper, the author’s graphical method 
for determining the construction of the (o; + 42)-network is 
compared with other methods used for this purpose. In order to 
understand both the usefulness of the author’s method and its 
practical application, one must realize that it has two important 
advantages: 

(a) It eliminates the necessity of drawing the principal 
stress lines. 

(b) In most practical problems it will be sufficient to make 
use of the particular cases (constructions 1 a,b,c; 2 a,b,c; 3 a,b) 
in which the application of the method becomes extraordinarily 
simple. These particular cases will furnish a sufficient number 
of points for obtaining an excellent conception of the (a1 + o)- 
network, inasmuch as the boundary values are already known. 

Further details of the method and its application are outlined 
in, “Hinfuhrung in die Photoelastizitat,” by Dr. L. Foppel and 
the author, a treatise which has not yet been published. 

It would be very useful for investigators to compare results 


7“Patigue of Shafts at Fitted Members (With a Related Photo- 
elastic Analysis),” by R. E. Peterson and A. M. Wahl, presented at 
the Annual Meeting, New York, N. Y., December 3 to 7, 1934, of 
Tue AMERICAN SOCIETY OF MECHANICAL ENGINEERS. 

8 “On the Stresses in the Neighborhood of a Circular Hole in a 
Strip Under Tension,” by R. C. J. Howland, Proceedings Royal 
Society of London, January, 1930. 
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of experimental methods (membrane-analogy or optical methods) 
with the exact theory of the (o; + o2)-network given by the 
author. 


Dynamic Balancing of Rotating 


Machinery in the Field’ 


T. C. Rarupone.? In referring to the writer’s paper® on the 
same subject, the author may leave the impression that heretofore 
the problem had been carried only to the point of solving for the 
effect of unbalance at one bearing at a time, using the crude shaft 
marking for phase-angle determination. This paper* not only 
describes an accurate stroboscopic phase-determining apparatus* 
developed and used in the field some ten years ago for the study 
of vibration phenomena, but also points out the necessity for 
taking into account the inter-action of influences from one bearing 
to the other. It also describes a method of determining at all 
bearings, ‘‘unit vectors,’ which are produced by a unit of un- 
balance at each bearing, and then describes a rapid practical 
method for determining the necessary corrections at both ends 
of the rotor simultaneously, from the results of two trial runs. 

The experiments leading up to this solution were earried out on 
large turbine rotors at speeds up to 2000 rpm. At first, the com- 
plete vibratory motion was recorded. Starting with the rotor 
in practically perfect balance, known unbalances were inserted, 
first at one end and then the other, and observations made with 
stroboscopic vibrometers at both ends simultaneously. 

It was found that the resulting vibration for a variety of com- 
binations responded with great fidelity—both in shape, size, and 
inclination of the ellipse, and in phase. The angles could be read 
to within 2 or 3 deg. From these data the ‘unit ellipses’? were 
determined for a unit of unbalance and it was found that the 
resultant figure for any combination of unbalance weights at 
both ends could be predicted with almost uncanny accuracy, by 
superimposing the adjusted unit ellipses. Reversing the pro- 
cedure, unknown unbalance corrections were determined by 
building up the unit ellipses to produce synthetically the same 
figures resulting from the unknown unbalance. 

Professor Den Hartog solved the problem analytically for this 
general case, using the complete data observed. As two indepen- 
dent solutions were possible with the ellipse information, which 
should check, the observations were then confined to either the 
vertical or lateral component, and this made possible the graphi- 
cal solution by unit vectors described in the writer’s paper. The 
method involves reproducing synthetically the initial unbalance 
vectors by adjusting the unit vectors, and the solution is rapidly 
determined. Mr. Thearle’s vector-operator method applied to 
these unit vectors gives a more direct and mathematically satis- 
factory solution, and for this contribution, as well as for his im- 
provements in stroboscopic vibrometers, he is to be con- 
gratulated. 

There are two important by-products of these developments 
which may be overlooked. First, the analysis of vibration by 
unit vectors, which affords a measure of the sensitivity or response 
of any installation due to a given unit of unbalance. Many 
futile attempts have been made to determine by analysis the 
resonance characteristics of foundation structures. It is almost 
impossible to predict these with any accuracy on complicated 


1 Published as paper APM-56-19, by E. L. Thearle, in the October, 
1934, issue of the A.S.M.E. Transactions. 

2 Chief Engineer Turbine Division, Fidelity & Casualty Company 
of New York, New York, N. Y. Mem. A.S.M.E. 

3Turbine Vibration and Balancing,” by T. C. Rathbone, Trans. 
A.S.M.E., APM-51-23, vol. 51, 1929. 

» 4 “Unusual Vibration of a 25,000-Kw Turbine Generator,” by T. C. 
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structures. There has been a great deal of controversy concern- 
ing the relative merits of concrete and steel structures. From 
the standpoint of smoothness of operation, these unit vectors af- 
ford a very potent means for direct comparisons of existing struc- 
tures, which may well guide future design. 

Second, the balancing processes under discussion are based on 
assumptions which do not always apply. Experience has shown 
that a fairly satisfactory linear relation holds between force and 
amplitude, and a fairly constant phase relation between cause 
and effect, so long as the condition of the rotor remains unchanged, 
or no impactive effects or changes occur in the bearings or struc- 
ture. In such ideal cases where the rotor responds normally, it 
has been the writer’s experience that operators in the field have 
little difficulty in arriving sooner or later at a satisfactory bal- 
ance, each by his own individual and sometimes crude methods. 

Rotors which exhibit erratic behavior, however, are difficult to 
balance by even the refined methods developed. There are 
many causes for such erratic tendencies, and under these chang- 
ing conditions it is sometimes impossible to evaluate the unit 
vectors. In such cases, the stroboscopic vibrometer has proved 
itself to be a most useful tool in diagnosing the difficulty by con- 
tinued observations over extended periods, covering all phases of 
operation of the unit. 


James J. Ryan.® The solution of the problem of field balane- 
ing of rotating machinery proposed by the author and the equip- 
ment he has developed to obtain the required data, are ideal. 
There appears, however, to be a need for more adaptable instru- 
ments to measure vibration from a scientific standpoint that may 
be placed in the hands of less expert operators. A universal 
oscillo-vibrograph has been developed in the machine design 
research laboratory of the mechanical engineering department 
at the University of Minnesota by means of which the data re- 
quired in the solution of the dynamic-balancing problem pre- 
sented by Mr. Thearle may be conveniently obtained. This in- 
strument either displays visually or records photographically 
vibration movements indicating the amplitude of the vibration, 
the wave form, the frequency and the phase position to large 
seale. Such instruments promote the methods of scientific an- 
alysis in vibration problems, and permit engineers in general to 
solve problems in the field with little difficulty. 


AvutTHor’s CLOSURE 


The author appreciates the interest shown in this paper. Much 
of the discussion calls for no further comment. 

Under certain conditions where the rotor exhibits erratie be- 
havior, Mr. Rathbone questions the validity of the assumptions 
upon which the balancing process is based. It has been the ex- 
perience of the author, also, that “. . . a fairly satisfactory linear 
relation holds between force and amplitude, and a fairly constant 
phase relation between cause and effect, so long as the condition 
of the rotor remains unchanged, and no impactive effects or 
changes occur in the bearings or structure.” 

Regarding rotors which exhibit erratic behavior, such as 
changes in vibration amplitude and phase caused by changes in 
load or temperatures, it is obvious that no single combination of 
balance weights can give smooth operation under all conditions. 
Observations of both amplitude and phase of the vibration are 
necessary in order to establish the nature of the variations in 
vibration. It is clearly an advantage to know the extent and 
nature of the variations in vibration before attempting to correct 
for them by balancing. This knowledge may save much time 
and effort. 


5 Assistant Professor of Machine Design, Mechanical Engineering 
Department, University of Minnesota, Minneapolis, Minn., Jun. 
A.S.M.E. 
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If, with a knowledge of the nature of the variations in vibra- 
tion, their cause cannot be eliminated, then a compromise balance 
must be sought. When this is to be done, observations of the 

jamplitudes and phase angles of the vibration are made over the 
normal range of operating conditions of the machine. From a 
plot of these vectors (NV and F), the best compromise balance 
obtainable is readily seen. The balancing process is then com- 
pleted in the usual way, taking care in the calculations to com- 

spare each subsequent vector observed (No, F2, Ns, and F3) witha 
value of the original vectors (N and F) corresponding to the 
same conditions of operation. 

It is also obvious that the addition of balance weights to a 
machine cannot correct effects not caused by unbalance, such as 
disturbances caused by journals which are not round. However 
the first observations to be made usually reveal these defects, if 

_ they exist, and give information leading to their correction, thus 
saving much time which might otherwise be spent in attempting 
‘to correct, by balancing, for vibrations which are not at all due 
to unbalance. 


High-Pressure Steam and Binary 
Cycles as a Means of Improving 
Power-Station Efficiency’ 


Lucian A. SHELDON.2 The essence of Mr. Gaffert’s paper is 
given in Fig. 12 which shows plant performance for steam cycles 
at various pressures up to the critical pressure, for the diphenyl- 
oxide-steam cycle, and for the mercury-vapor-steam cycle. 
These can be divided roughly into four groups: (1) Steam pres- 
sures ranging from 400 lb to 600 lb; (2) high-pressure steam 
ranging from 1200 lb per sq in. to the critical pressure; (3) the 
diphenyloxide-steam cycle; and (4) the mercury-vapor-steam 

_eycle. Here we find the poorest economies with the normal 
steam pressures, the economies of the diphenyloxide-steam 
cycle about the same as those effected with 1200 lb per sq in. 
steam pressure, the economies from the use of 2500-lb and criti- 
cal-pressure steam slightly better, and the mercury-vapor-steam 
eycle the most economical of all. JI believe a brief explanation 
of the reason for this would be of interest. 

The efficiency of any cycle depends upon the temperature 
range through which we work. In general, the greater this 
temperature range, the better the efficiency. However, it makes 
quite a difference whether the higher temperature is obtained by 
pressure, using saturated vapor, or by superheating. With 
steam we cannot get the high temperature by means of pressure 
and hence must resort to superheat. But the energy carried in 
superheat is only a fraction of that which can be carried in mer- 
cury at the same temperature where the temperature is obtained 
by pressure using saturated mercury vapor. A glance at the 
temperature entropy diagrams shows this quite clearly. With 
mercury we approach much more nearly the Carnot cycle and 
hence get considerably better efficiencies. With the diphenyl- 
oxide-steam cycle, as Mr. Gaffert points out, we cannot go much 

_ above 800 F as this substance breaks down above this tempera- 
ture, thus limiting future gains in economy. Mercury, however, 
is an element and does not break down at high temperatures. 

: Therefore, the upper temperature limit of the mercury-vapor- 
steam cycle is not limited by the heat-carrying medium but only 
by the ability of the materials which are available to withstand 
these temperature conditions. When better materials are pro- 


1 Published as paper FSP-56-11, by G. A. Gaffert, in the October, 
1934, issue of the A.S.M.E. Transactions. 

* Engineer in Charge of Design, General Electric Company, 
Schenectady, N. Y. Mem. A.S.M.E. 


duced the temperature range of this cycle can be increased still 
more and still better economies can be obtained. 

In regard to the amount of mercury required, the Kearny 
boiler contains 300,000 lb of mercury, or approximately 7 lb per 
kw for mercury and steam. I have not included the kilowatts 
made from the steam in the water walls as this heat does not pass 
through the mercury boiler. Estimates made on more recent 
studies of mercury boilers show that we shall require from 5 to 7 
Ib of mercury per kilowatt and there is some possibility that in 
future this may be reduced to as low as 4 lb per kw. 

According to conclusion No. 3, Mr. Gaffert feels that the an- 
nual rate of production of mercury is so small that there is slight 
possibility that the mercury-steam cycle will become universal. 
We all realize that prophecies of this nature are always more or 
less uncertain. There is apparently plenty of mercury in the 
world, the yearly production being the amount that is required 
rather than the amount which is available. 

The General Electric Company in the past twenty years has 
produced an average of about 1,000,000 kw of turbo-generators 
per year. If we assume that 50 per cent of this turbine capacity 
would at some future time be mercury, it would require, at the 
most liberal estimate, 7 lb per kw, 3,500,000 lb of mercury per 
year, or about 1600 metric tons. From the curve of yearly pro- 
duction of mercury which is published in Minerals Yearbook, we 
find the variation in yearly output from 2150 metric tons to 
5600 metric tons, so that this 1600 metric tons necessary, if half 
of the General Electric turbines were mercury, would come well 
within the normal variation of the production curve. Therefore, 
it would seem that it would not be necessary or advisable for us 
to slacken our efforts in the mercury process for many years to 
come because of lack of mercury. 

Regarding the operation of mercury-vapor-steam equipment, 
the record of the Hartford, Kearny and Schenectady plants up 
to July 1, 1934, is listed in Table 1. 


TABLE 1 RECORD OF OPERATION OF MERCURY-STEAM 
PLANTS 


Hartford Kearny Schenectady 
DI abOAe chs eetene aerate October, 1928, March 27, 1933, Jan. 1, 1934, to 
to July 1, 1934 to July 1, 1934 July 1, 1934 
Hours elapsed.......... 50016 11063 4344 
Hours in service........ 24905 6259 2946 
Per cent available...... 49.8 56 68 
Kilowatt-bours......... 202732000 82245000 29923000 
Capacity factor, per cent 40.5 BY ine 34.4 


The figures in this table cover outages for the entire equipment. 
That is, they include the furnace and the steam part of the unit 
as well as the mercury portion. If the mercury portion alone 
were considered, the availability factor would be very much 
better. The capacity factor for the Schenectady equipment is 
rather low because the demand for steam was low and, therefore, 
the equipment was not called on to carry anywhere near the 
load it was capable of carrying. The availability factor of the 
Schenectady unit would have been higher but for the fact that 
the plant was shut down over week-ends. 

The experience and knowledge which we have gained to date 
lead us to believe that we may expect future mercury-steam 
equipments to operate at higher availability factors than these 
first installations and, in fact, to be just as reliable and to operate 
just as large a percentage of the time as steam equipments. 


A. G. Curistre.? Mr. Gaffert’s conclusion, that the thermal 
advantages of high steam-pressure and temperature cycles pro- 
vide a considerable margin for increased capital costs, will stimu- 
late renewed study in their possible application to many systems. 
The mercury-steam plants offer enticing possibilities from a 


3 Prof. of Mechanical Engineering, Johns Hopkins University, 
Baltimore, Md., Mem. A.S.M.E. 


142 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


purely thermodynamic point of view. Certainly a station per- 
formance of 8600 Btu per kwhr, or 0.67 lb of coal per kwhr, will 
be attractive in regions where coal costs are high. More data 
on the commercial performance of stations that are now in 
operation, together with cost figures for mercury make-up, for 
repairs and for supervision, are desired before a final appraisal of 
such systems can be made. 

In considering Dr. Gaffert’s results, it must be borne in mind 
that his values apply to base load stations, for he has assumed 
70 per cent station average load factor and 8000 hours’ operation 
per year. This raises the question: “Should the new equipment 
be designed for base-load service?” It is obvious from Dr. 
Gaffert’s results that the possibilities of further improvements in 
the steam cycle, or in fact in any of the other cycles, are limited 
until metals can be developed for temperatures well above 1000 
F. This temperature, though at present regarded as the safe 
upper limit for metals, may soon be exceeded, as much study and 
research are devoted to this subject and new alloys suitable for 
still higher temperatures may appear at any time. ‘The justifi- 
cation for a new station for base-load service over any considerable 
period is, therefore, dependent to a large degree upon such de- 
velopments in metals. 

The late Peter Junkersfeld repeatedly called attention to the 
fact that many new turbine units were installed on the assumption 
of high capacity factors over a long period of use. Junkersfeld 
found from analyzing actual station records that few of these 
units developed the expected capacity factors over their useful 
life. In other words, expenditures have been made in many new 
stations that were in excess of the costs warranted by actual per- 
formance. ‘The difficulty of financing new utility plants at pres- 
ent should cause any additional expenditures for securing high 
thermal efficiency to be subjected to the most conservative analy- 
sis of actual operating performance. 

Dr. Gaffert could advantageously supplement this valuable 
paper by additional contributory data that he must already have 
at hand. For instance, he might indicate in the various cases, 
the heat to the condenser. Such data would clearly show the 
advantage of high pressure and temperature cycles where cooling 
water is limited or where cooling towers have to be used. He 
might also indicate the percentage of the main generator output 
required in the various cases to supply power to auxiliaries. It 
would be interesting to learn how this varies with the increased 
thermal efficiency of the plant. . 


A. B. Crarx.! The calculations in Dr. Gaffert’s paper are all 
based on a unit of about 50,000-kw capacity. It would therefore 
appear doubtful if such small units could be economically con- 
structed for operating at steam pressures of 2500 lb or 3000 Ib as 
shown in Figs. 1 and 2, because the blade height, nozzles, etc., of 
the turbine unit would be very small, and the gland-packing 
leakage and other leakages would be correspondingly high. 

In practice the heater system would be changed somewhat. 
Those who have had experience with feedwater under high pres- 
sure would not want to put so many heaters under the full feed- 
water pressure, but would reduce the number to an absolute 
minimum, 

Then again, small heater drain pumps for high temperatures 
and pressures are not practical. Their use leads to a very un- 
balanced design that results in low efficiencies and high mainte- 
nance costs. If the drains are flashed down, the lower-pressure 
heaters are not able to extract as much steam from the turbine 
and would modify the efficiency of the cycle. The application 
of drain coolers would help in this respect. 

Increasing the number of heaters does not necessarily increase 
tle economy. It has been found that the omission of an inter- 


4 Engineer, Sargent & Lundy, Inc., Chicago, Ill., Mem. A.S.M.E. 


mediate heater in one particular case did not change the economy 
of the unit; in fact, there was a slight gain. The machine in 
question was a reheating unit, and in such cases it is necessary 
that sufficient heat be taken out of the steam and converted into 
work before the steam is extracted. This may not be done easily 
when a large number of heaters are employed. 

It is for such reasons as given above that it is sometimes diffi- 
cult, except in a general way, to benefit from such a system of 
curves as presented in Fig. 12, which is probably the reason why 
they are given. 

Some years ago, when determining the heat balance of units 
operating at 2400-lb and 3200-Ib pressure, it was found that when 
the work of the boiler feed pump was taken into account, there 
was but 0.5 per cent difference in efficiency and only about 1 per 
cent gain in the heat charged to the turbine cycle. Owing to the 
dense steam, it would be expected that a turbine operating on a 
pressure of 3200 lb would not be quite as efficient as one operating 
at a lower pressure. These figures are somewhat less than those 
given by the author. 

Binary cycles are very interesting and that of the mercury- 
steam cycle has been commercially worked out. It is, of course, 
an evaporation-and-condensation cycle. If, however, a system 
is used by which concentration by evaporation and dilution by 
absorption of vapor is considered, there are more materials avail- 
able. However, they effect more of a solution cycle than a binary 
cycle. For instance, it is well known that caustic soda when 
mixed with water generates considerable heat. A small turbine 
has been run experimentally on steam generated with concen- 
trated caustic soda by diluting it with the turbine exhaust steam, 
and then reconcentrating the caustic soda. As most chemicals boil 
at higher temperatures than water, steam generated in such a 
cycle is in a superheated condition. Thus it would appear pos- 
sible to generate steam by concentrating a suitable compound 
and use it in a steam turbine, and then dilute the compound by 
exhaust or bled steam from the turbine to generate steam for a 
second steam turbine. 

Dr. Koenemann’s cycle is something of this order in that it 
uses ammoniacate. The cycle uses ammonia vapor instead of 
steam and then by a heat-exchanger device generates steam for a 
turbine from the heat given up from an ammonia condenser. 

It has taken years of careful work to give us the steam tables 
and there still seems to be some doubt as to their accuracy at the 
higher pressures and temperatures. Before any new fluid can be 
accepted, its heat properties, as well as any corrosive properties 
it may have, must be determined. This is apt to be quite an ex- 
pensive and lengthy undertaking. 


G. A. Henprickson.® For those interested in comparing the 
cycles considered in Dr. Gaffert’s paper with actual plant results, 
it should be noted that an important item, which amounts to 
some 10 per cent of the total heat consumption of actual plants, 
has been omitted. This item may be designated as the plant 
operating efficiency ratio, or the ratio of the thermal efficiency of 
routine operation to the thermal efficiency that would be obtained 
if each apparatus in the plant operated continuously under test 
conditions at its most favorable load. Among the items that con- 
tribute to the reduction of the operating efficiency ratio below 
unity are: operation of turbines at loads other than maximum 
efficiency load; redistribution of heat quantities in the turbine 
due to changes in load; pressure drop; temperature loss; leaks 
in steam lines; banking loss in the boiler room; loss due to burn- 
ing out fires; and numerous unaccounted-for losses. Some of 
these have been considered in Dr. Gaffert’s paper and some have 
not. In consequence, the results given are probably 1000 Btu 
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per kwhr lower than those obtainable from actual plants operat- 
ing on similar cycles. This difference should be borne in mind 
when comparing the paper with actual plant results. 

In a paper, “A Thermal Study of Available Steam-Power- 
Plant Heat Cycles,” presented by S. T. Vesselowsky and the 
writer at the A.S.M.E. meeting held in Chicago, June, 1933, an 
attempt was made to present steam-plant results comparable 
with actual operating data. It was pointed out in that paper 


»that for steam plants the regenerative feed-heating cycle without 


reheat is probably best suited to ordinary conditions where a 
relatively low-capacity use factor is encountered. In base load 
plants and other situations where a high-capacity use factor is 
found, reheating or a binary cycle might be justified. From a 
comparison of Dr. Gaffert’s results with those of Mr. Vesselow- 
sky and the writer it appears that at a given limiting tempera- 


. ture the reduction in heat rate available from the use of reheating 


is about 1500 Btu per kwhr. A binary cycle using mercury and 
steam makes possible a further reduction of about 1000 Btu per 
kwhr. This improvement is not immediately available, however, 
but must follow out a slow and costly process of development, 
and in the end the net economic gain is much reduced. In the 
meantime the type of plant which converts chemical energy in 
coal into heat and then into mechanical power is slowly approach- 
ing a minimum limit in heat rate in the neighborhood of 9000 
Btu per kwhr. This limit, which is now in sight, is imposed by 
the properties of commercial materials available for construction. 

In this situation it is pertinent to mention that no decreases 
in heat rate comparable to those in the past need be expected 
unless radical changes are made in the basic cycle. In the pe- 
riod 1910 to 1930 the minimum heat rate attainable was reduced 
by one-half. With plants now operating at around 12,000 Btu 
per kwhr, the margin for further reduction is small. Only the 
magnitude of the coal bill makes further development practicable. 
Papers such as the present point out the most promising possi- 
bilities in this development. The same magnitude that makes 
such work possible, however, also makes imperative the highest 
accuracy attainable in theoretical comparisons, and this with 
the least possible confusion. Heat rates chargeable to the opera- 
tion of the turbine alone are probably the easiest means of com- 
paring different cycles. Such comparisons, however, are not 
final since they do not give overall performance. For those who 
wish to make quick comparisons with actual plant data, a plant 
heat rate estimated from the computed turbine results may be 
added with little difficulty. The writer believes such a presen- 
tation to be much more convenient for the general reader. 


J. J. Gresr.® On the basis of the same boiler efficiencies, the 
performance figures given in Dr. Gaffert’s paper check closely 
the values which were published by Dr. H. H. Dow in 1926. 

Regarding the diphenyloxide or Dowtherm boilers, these units 
do not have to have forced circulation. In fact, the first boiler 
built in 1926 was operated at a heat input of 10,000 Btu per sq ft 
without any circulation difficulties as long as the boiler pressure 
was maintained above 35 lb. It is merely necessary to propor- 
tion the circulation path so that, first, the vapor volume produced 
can be discharged at a reasonable velocity, and, second, this vapor 
has the chance to use its air-lift effect as muchas possible. For 
boilers operating at,the maximum allowable temperature and high 
capacity, and using a small inventory of Dowtherm, it is natu- 
rally most economical and practical to use forced-circulation boil- 
ers such as illustrated in Fig. 2 of Dr. Gaffert’s paper. 

It might be suggested to Dr. Gaffert that his study be con- 
tinued to include a cycle in which mercury and a second fluid 
other than water be used. A mercury condenser boiler used to 
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vaporize a lower-boiling fluid, such as benzol or alcohol, would 
give a high-pressure vapor requiring little or no superheat for 
efficient expansion.in a turbine, and would permit condensation 
at a lower temperature, particularly in the winter when very cold 
condenser water is available, and still not reach enormous vapor 
volumes. Such a fluid would also have the advantage of a higher 
vapor density so that the turbines could operate at a lower speed. 
It would, however, require a larger condenser surface on account 
of the decreased heat-transfer rates. 


Frank O. Exitenwoop.? Regarding the high-pressure cycle, 
the statement is made that for a throttle pressure of 1200 lb, the 
reheating pressure would lie near 200 lb per sq in., depending on 
the initial temperature of the steam. As a matter of interest to 
engineers who have not investigated the question of the optimum 
reheating pressure, it seems appropriate to mention that the 200-Ib 
reheating pressure, as given, would be close to the best one, 
provided the throttle temperature is about 800 F. On the other 
hand, the writer believes that if the throttle temperature were 
1000 F and the throttle pressure were 1200 lb, the reheat pressure 
would then be closer to 100 lb per sq in., for the best thermal re- 
sults. For the 2500 lb (800 F) throttle steam, the writer agrees 
with the author in selecting a reheat pressure of 500 lb, as speci- 
fied in Fig. 1. The heat rate of this 2500-lb station is given as 
10,520 Btu per kwhr, which has been checked roughly by the 
writer. This performance, according to the author, is equaled 
by the 1200-Ib (1000 F) plant without reheating. Such a result 
implies about 21/2 per cent better performance of the 1000-F 
turbine than that estimated by Carter and Ellenwood.® 

It is particularly interesting to note that the curves in the 
author’s Fig. 12 that are below the value of 9300 Btu per kwhr, 
represent a region that has seldom, if ever, been entered by the 
performances of the very best of our internal-combustion engines. 


AvutTHors’ CLOSURE 


We are indebted to Mr. Sheldon of the General Electric Com- 
pany for presenting the operating records of the three mercury- 
steam plants now in operation. It seems certain that when this 
binary cycle is used for a base-load station, the availability will 
be as great as in the case of ordinary steam plants. 

Regarding the availability of mercury as a fluid, it is significant 
to note, according to Minerals Yearbook, that a high rate of 
production over a sixteen-year period caused by an increase in 
demand has resulted in an increase in the price per pound. Ad- 
mittedly, the present method of recovery is crude and all mer- 
cury-bearing ore deposits have not been tapped. Mr. Sheldon’s 
figures showing variation in yearly output from 2150 metric tons 
to 5600 metric tons are for world production. If, as indicated in 
the author’s paper, an average world-production rate were taken 
at 3000 metric tons per year, allowing no more mercury than 4 lb 
per kw installed, approximately 1,650,000 kw could be installed 
per year. However, since a considerable percentage of this 
production is absorbed in the chemical industry, the amount 
available for power is at present entirely inadequate to supply 
the annual increase in generating capacity required throughout 
the world. It seems evident, therefore, that the mercury-steam 
cycle must share the increase in load with other methods of 
generation. 

In answer to Prof. A. G. Christie’s remarks relative to the 
per cent of main generator output required for plant auxiliaries, 
the author has listed in Table 2 of this discussion figures based 
upon a study of the various cycles. These figures include power 


7 Prof. of Heat-Power Engineering, Cornell University, Ithaca, 
N. Y. Mem. A.S.M.E. 

8 “'The Thermal Performance of the Detroit Turbine Using Steam 
at 1000 F,” Trans. A.S.M.E., FSP-56-8, July, 1934. 
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for preparation of fuel, for driving the boiler feed pumps, hotwell 
pumps, heater drain pumps, mercury or diphenyloxide boiler feed 
pumps in the case of binary cycles, and forced and induced draft 


fans. 


TABLE 2 PER CENT OF MAIN GENERATOR OUTPUT RE- 
QUIRED FOR AUXILIARIES 


Type of cycle Auxiliary power, 


Steam cycle: per cent 
£00 Tb (800 BY—6. pts. OX boii, occ cco wy ve pye nraeeee ne aire eer een ng 
1200.Tb (800 F)—6bi pt. Oxi saely-« eisie cine ead’ ote arte Ae 4.74 
49500.15 (800) — Bi DO Okie cscs coor ee once eho fa urs een le 5.39 
43200 Ib (800 FY—6 pt. OF rice os eien ie. ait evererere ow eiplewae oer ano ee 
Mercury-vapor-steam cycle: 
200 Ib (1020-F) hg 
500 1b (800-F') steam, 4 pt: OXbr 0.0.65 5c caste c's «1s 0 cpa > oh ovals whe teiomOg| 
Diphenyloxide-steam cycle: 
210 Ib (800 F) diphenyloxide 
730 lb: (1000. B) steam, 4 ptrextri ci capers eens alee elcleieate 4.33 


4 Using multicylinder reciprocating boiler feed pumps. 


The author agrees with A. B. Clark’s comments regarding the 
arrangement of extraction heaters in the feedwater cycle. It 
is undoubtedly true, as mentioned in the author’s paper, that 
it would be more expedient to drain all of the heaters in the high- 
pressure steam cycles back to the deaerating heater to eliminate 
the complicated problem of handling small quantities of drainage 
at high discharge pressures. The balance of increase in fixed 
charges versus the increase in efficiency due to additional extrac- 
tion heaters will determine the optimum number of heaters to 
install in any given cycle. The author’s paper dealt only with the 
thermodynamies of the question inasmuch as available costs on 
high-pressure heaters for extremely high-pressure steam cycles are 
not available. 

Referring to the use of a caustic solution such as potassium 
hydroxide or sodium hydroxide, this cycle has the advantage 
that it ean store energy in a chemical form until required. How- 
ever, there appears to date to be no authentic data as to the 
purity of steam leaving such a caustic solution, and in case there 
were even slight traces of caustic the resulting corrosion on the 
turbine plant would become a serious factor in a short time. Dr. 
Koenemann’s cycle, to the author’s knowledge at least, has 
never been put into actual practice. The main difficulty is that 
ammonia at temperatures approaching 800 to 1000 F is entirely 
unstable and a considerable percentage breaks up into the 
constituent gases which are very corrosive. 

G. A. Hendrickson of the Detroit Edison Company points out 
several losses which are ordinarily summed up into the figure 
“operating ratio” for a given plant. The author prefers to 
consider auxiliary power, that is power required by all pumps and 
draft equipment as auxiliary power, and then, depending upon 
the type of plant as well as operating staff, to allow a certain 
operating ratio to account for these various losses. This method 
is in constant practice among various capable designing engineers. 
In short, it enables comparisons between cycles to be made 
more readily, but, as pointed out by Mr. Hendrickson, necessi- 


tates correction for any particular plant to obtain actual day-to- 
day performance. Mr. Hendrickson also states that heat rates 
chargeable to the turbine alone are probably more interesting for 
comparison. In the author’s original paper, heat rates charge- 
able to the turbine for each cycle are stated on each cycle dia- 
gram. A comparison of turbine heat rates for a binary cycle is 
likely to be quite misleading as the per cent of auxiliary power 
varies considerably for various “‘top” fluids, being almost twice as 
much in the case of the diphenyloxide-steam cycle as in the 
ease of the mercury-steam cycle. 

If it were possible to obtain a high capacity as well as maxi- 
mum allowable temperature without a circulating pump, the 
efficiency of the diphenyloxide-steam cycle could be slightly im- 
proved, as brought out by the remarks of J. J. Grebe of the Dow 
Chemical Company. It is also quite true that were it possible 
to find a fluid with temperature entropy characteristics not un- 
like mercury for use as the “bottom’’ fluid in a binary cycle, the 
overall cycle efficiency could be improved somewhat with con- 
siderable less capital expenditure for extraction equipment. 

Prof. F. O. Ellenwood points out that the best reheat pressure 
is a function of throttle temperature. For lack of space the 
author did not include curves showing this effect, but the author’s 
results are exactly in accord with the statements made by Pro- 
fessor Ellenwood regarding the location of the best reheat, pres- 
sure as a function of the throttle pressure. 


A New Theory for the Buckling of 
Thin Cylinders Under Axial 


Compression and Bending’ 


Srpwarr Way.2 This paper is interesting in that it provides 
an explanation of the difference between the buckling loads ob- 
tained in practice for thin cylinders and the values arrived at by 
old theories. 

If there were no initial eccentricities in the cylinder, failure 
would take place with the reaching of the point of elastie in- 
stability. To determine this point, it is not necessary to con- 
sider large deflections. It appears that in the problem at hand 
it is necessary to consider large deflection phenomena only be- 
cause of the assumed presence of initial eccentricities. 

The principle that the final buckling shape will be the same 
as that of one of the components of initial deflection is probably 
quite sound. However, in certain very improbable cases, it is 
conceivable that the final buckling shape would be totally differ- 
ent from the initial shape. I have in mind the case of a strut 
with initial deflection in the form of a full sine wave, which, with 
axial loading, becomes unstable and buckles to the side. 


1 Published as paper AER-56-12, by L. H. Donnell, in the Novem- 
ber, 1934, issue of the A.S.M.E. Transactions. 
2 Westinghouse Research Laboratories, Hast Pittsburgh, Pa. 
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Rolling-in of Boiler ‘Tubes 


This paper presents an introductory study of boiler-tube 
It 


points out their limitations and explains and proposes 


. 


, 


‘specifications for a new method which approximates the 
ideal. Test results are given which show the superiority 
of this new method. A few pertinent details of tube roll- 
ing are also mentioned, including the over-rolling of tubes 
as a source of high stress concentration in the sheet metal 
around the tubes. This high stress concentration may 
be a source of corrosion fatigue. 


) INTRODUCTION 


tubes, and riveted and welded joints, apparently nothing 


| 4 LTHOUGH much has been written about boiler shells and 


has been published in English about the method of fasten- 
ing tubes into boiler shells and tube sheets. It is true that test 
_ methods have been applied for determining the water-tightness 
, of these joints, but such tests do not disclose the condition of the 
joint. Manufacturers of rolling tools furnish instruction book- 
lets briefly explaining the use of the tools, yet engineering publica- 
‘tions printed in English contain no information regarding this 
very important item of boiler design and construction. Al- 
though all other parts of the boiler are designed with great care 
by engineers after careful study of strength of metals, effects of 
temperature, the permissible oxygen and carbon-dioxide con- 
tent of boiler feedwater, etc., the production of the joints be- 
tween the tube ends and the tube sheets or drums has been left 
largely to the ingenuity of the mechanics who assembled the 
structure. It appears, therefore, that the expanded tube joint, 
if its use is to be continued, should be subjected to scientific 
study, its limitations recognized, and an effort made along 
scientific lines to standardize field practice so that all the joints 
in a given boiler may be of maximum strength as determined by 
such investigation. 

The knowledge of what constitutes a satisfactory rolled joint 
is now lacking. Once this knowledge is available and the correct 
procedure for rolling the joint has been established, the produc- 
tion of joints of maximum strength and tightness could be con- 


1 General Foreman of Mechanical Erection, The Detroit Hdison 
Company, Detroit, Mich. Mr. Fisher was born near Hempstead, 
N. Y., educated in public and technical schools in England, Ger- 
many, and the United States. He served as shop superintendent, 
erecting engineer, and master mechanic in shops in the Far East, 
South America, and the United States. For the past fifteen and a 
half years he has been connected with the Construction Bureau of 
The Detroit Edison Company. 

2 Research Department of The Detroit Edison Company. Mem. 
A.S.M.E. Mr. Cope was graduated in 1907 with the degree of 
B.S. in M.H. from the Towne Scientific School, University of Pennsyl- 
vania, and was granted the degree of M.E. in 1910 by the same univer- 
sity. After graduation he spent three years with the Westinghouse 
Machine Company of Pittsburgh, Pa., and three years as instructor 
in the Engineering College at the University of Michigan. Since 


_ 1913 he has been connected with The Detroit Edison Company, and 


since 1919 in the Research Department. 

Contributed by the Power Division for presentation at the Semi- 
Annual Meeting, Cincinnati, Ohio, June 19 to 21, 1935, of Tur 
AMERICAN Sociptry or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1935, for publication at a later date. 

Norn: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


By F. F. FISHER! anp E. T. COPE,? DETROIT, MICH. 


trolled. If the tubes could be machined to fit into carefully 
tooled tube holes, or if the tube ends could be shrink-fitted into 
the holes, the problem would be relatively easy. But liberal 
clearances must be allowed to permit easy introduction of the 
tubes into the holes, particularly in tight places, of which there 
are many in a modern large-capacity boiler. Commercial 
practice and the demand for low-cost production puts precise 
machining out of the question. On the other hand, if the 
differences in diameters between the tubes and tube holes were 
constant to a micrometer tolerance and the tube-wall thickness 
did not vary, the problem of securing uniform joints would be 
relatively simple. Also, if the surfaces of tube and tube hole 
which are to produce the joint were of uniform and standard 
finish, the production of uniformly tight and strong joints would 
not be so difficult. But when joints are to be made between the 
surfaces of tube ends and tube holes in which the clearance may 
have any value from ten-thousandths to sixty-thousandths of an 
inch in a bank of tubes, where the tube holes are reamed to com- 
mercial finish yet the tubes are covered with mill scale or are 
indifferently cleaned, one should not be surprised if a consider- 
able percentage of the joints shows leaks when the assembled 
structure is subjected to a hydrostatic-pressure test. Neither 
should one be surprised if the rerolling operation causes leaks in 
joints accepted on the first hydrostatic test, nor that such 
joints fail after a comparatively short period of service. 

The production of a joint by expanding a tube into a 
tube hole entails the execution of two distinct phases of the 
rolling-in operation. ‘The first consists of stretching the tube wall 
until there is contact between the outside surface of the tube and 
the inside surface of the tube hole. A joint does not begin to 
exist until this contact has occurred. As already noted, the 
difference in diameter of the tube and the tube hole is by no 
means constant in any group of prospective joints. Therefore, 
the amount of expanding of the tube necessary to produce contact 
between tube wall and tube hole may vary widely from tube to 
tube. Consequently, this fact must be taken into account when 
producing a joint. The second phase of the rolling-in operation 
consists of giving the tube wall further permanent stretch, thus 
pressing the outside surface of the tube against the inside surface 
of the tube hole. This pressure alone is the source of fluid tight- 
ness in the joint. Also this pressure, coupled with the friction 
between the two metal surfaces, is the source of the strength of the 
joint which holds the tube in the tube hole when pressure is ap- 
plied within the boiler. Since the pressure between the two sur- 
faces is the only variable in any given case entirely within the 
control of the mechanic doing the assembling, it might be at once 
concluded that the greater the expansion the better the joint. 
That this is not true has been demonstrated by tests which show 
that both the tube wall and the metal surrounding the tube hole 
are subjected to severe cold working when excessive expansion is 
practiced. When a tube must be replaced in a tube hole which 
has been heavily over-expanded, the hole is badly distorted and 
should be rereamed to true it up and to remove the metal which 
was overstressed at the previous rolling. 

The formation of an ideal joint by rolling-in requires: 

1 A device for expanding the tube so that it is cylindrical at 
all times during the rolling-in operation. 

2 A means by which the completion of the first phase of the 
rolling-in will be indicated definitely. This anticipates a me- 
chanical, a magnetic, or an electrical device for positively indicat- 
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ing the establishment of a firm contact between the outside sur- 
face of the tube and the inside surface of the tube hole. 

3 A means for indicating the amount of deformation of the 
metal surrounding the tube hole. This metal should not be 
stressed beyond its elastic limit. 


A method of tube expanding based on these requirements 
should produce fluid-tight joints which show the optimum 
strength to resist destruction when subjected to fluid pressure. 
Furthermore, it has been well established that corrosion fatigue 
occurs at points of high stress concentration. The metal of 
tubes and tube sheet surrounding the holes in boilers in which the 
tubes have been heavily over-rolled should be an ideal point for 
the beginning of this form of failure. 

This paper presents the results of a study of the expanding of 
boiler tubes and proposes a method which, over a five-year period, 
has produced uniform joints of optimum strength. In this 
method the severe cold working of the tube and drum metal, be- 
cause of excessive expanding of the tubes, has been either avoided 
entirely or reduced to a minimum. 


ConvENTIONAL MetTHops oF TuBE EXPANDING 


Three methods of tube expanding are generally accepted. 
These are the tube-bulge method, the uniform-expander-entrance 
method, and the measured-energy-input method. These will be 
reviewed briefly and their limitations pointed out. In the tube- 
bulge method, a few tubes in a bank, used as samples, are ex- 
panded until their outside diameters are increased a definite 
amount (!/2 in. usually) over the nominal tube-hole diameter. 
This measurement is made immediately next to the tube sheet or 
drum on the gas side in a water-tube boiler and the water side in a 
fire-tube boiler. The amount of tube bulge is measured by a 
gage of fixed opening. The expanding or rolling operation is 
carried out until this outside gage fits the bulge of the tube. 
After the operator gets the “feel” of rolling-in these samples, he 
proceeds to roll-in the remainder without measurement. 

In the second method of tube expanding, the tool is entered a 
fixed distance into all the tubes in a given bank. This distance is 
determined by trial on a few tubes and the stop is set. In the 
uniform-energy-input method all joints are rolled-in with a con- 
sumption of a given amount of energy expressed in watthours or 
horsepower-hours. 

In these methods of tube expansion there is no way of knowing 
definitely when the tube surface contacts the tube hole. Also, 
there is no way of knowing how much the tube is expanded after 
contact occurs. 


TABLE 1 MEASUREMENTS OF FIVE GROUPS OF TUBES 
AND TUBE HOLES 


Nominal tube size, in. ............ 2 2 31/4 4 4 

Minimum outside tube diam, in..... 1.981 1.994 3.236 4.002 3.987 
Maximum outside tube diam,in.... 1.991 2.004 3.285 4.013 4.008 
Minimum wall thickness, in. ...... 0.186 0.138 0.189 0.204 0.211 
Maximum wall thickness, i AS ceiata ls 0.213 0.143 0.211 0.256 0.262 
Nominal tube-hole diam, in. ...... 2.031 2.031 3.281 4.031 4.031 
Minimum tube-hole diam, i eee 2.025 2.030 3.267 4.020 4.025 
Maximum tube-hole diam, in. ..... 2.040 2.038 3.320 4.041 4.039 


Measurements made on five groups of tubes and tube holes re- 
vealed the values given in Table 1. The customary allowance of 
1/:. in. for tube bulge would result in a wide variation in the 
actual amount of expansion in the cases of the minimum and 
maximum sizes of the tube holes shown. The holes of minimum 
diameter might be over-expanded. The tube-bulge method of 
expansion, therefore, does not meet the second and third require- 
ments of the ideal expansion method. If, on the other hand, 
these joints had been assembled by the uniform-expander- 
entrance method, in which no exact account is taken of the 
variation in clearance between tube and hole, and no allowance is 
made for the variation in tube-wall thickness, it is obvious that 
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NOTE: 
RECTANGLES REPRESENT DEVELOPED ORILLED 
PORTIONS OF DRUMS EACH CIRCLE REPRESENTS 
A ROLLED JOINT 


Fig. 1 Recorp oF Rouuinc-1n Jomwrs in Two Drums oF A 


Borter Ustne Onn ConvenTIONAL MreTHOD 


— 


i 


~ wall into the smallest hole. 


FUELS AND STEAM POWER 


the resulting joints would not have been expanded uniformly. 
If by chance, resulting from random choice of tubes, the smallest 
tube having the thinnest wall had been expanded into the largest 
hole, the resulting joint would have been very different from the 
one resulting from expanding the largest tube having the thickest 
In the first case the tube might have 
been expanded only enough to contact the tube hole, whereas in 


- the second ease the joint would have been heavily over-expanded, 


*resulting in severe cold working of the metal of tubes and tube 


sheet and the setting up of points of very high stress concentra- 
tion. This second method also falls short of meeting the re- 
quirements of the ideal method of tube expanding. 

In the uniform-energy-input method no account is taken of 
the influence of differences in tensile strength of the metal of the 
tubes and sheets, differences in clearance between tube and tube 
hole, nor the condition of the rolling tool. When the self-feeding 


expander is used, the power required to flare the tube is at maxi- 


mum at the same instant as that required for completing the 


_rolling-in operation of the joint itself. The flare does not con- 


stitute an essential portion of the joint, as will be shown later, and 
the energy required to complete the flare cannot be separated 
from the total. This method also falls far short of meeting the 
requirements of the ideal joint. 

The consequence of using an uncontrolled method of expansion 
is shown by the results obtained in the erection of a boiler under 
the authors’ observation. The tubes in this boiler were expanded 
by one conventional method. The mechanics who did the work 
were experienced and careful. Fig. 1 shows graphically the 
results of the rolling-in and testing of the joints. It is to be 
noted particularly that the second rolling-in both drums produced 
a greater number of leaks than it was sought to remedy. ‘These 
leaks were not necessarily in the same joints. The third rolling 
left the mud-drum joints in scarcely better condition than did the 
first rolling. The results on both drums indicate that the use 
of one conventional method of tube rolling with the lack of 
knowledge of the separate operations involved leads only to im- 
perfectly rolled and probably badly over-rolled tubes and conse- 
quently permanently deformed tube and tube-sheet metal in 
which there are points of high stress concentration with conse- 
quent predisposition to corrosion fatigue. 

The shape of the entering ends of the expanding-tool rollers is a 
matter of considerable importance. Since the metal on the 
inside of the tube wall is cold worked, it is of the highest impor- 
tance that this cold working should take place with the least 


possible disturbance of the metal surface. If the entering ends 


of the rolls are not sufficiently rounded they leave a sharp shoulder 
at the inner end of the rolled portion. This produces an ideal 
starting point for cracks or corrosion, as shown by numerous 
tube failures which have been investigated. With self-feeding 
expanders, especially when used for rolling-in tubes into thick 
sheets (such as 11/4 in. and upward), the metal on the inside of 
the tube is plowed up by one roller and then rolled down by the 
succeeding ones. ‘This leaves a spiral mark on the inside of the 
tube. It is usually not noticeable upon casual inspection, yet 
constitutes an excellent starting point for corrosion. To correct 
this condition the boiler erectors in the authors’ company have 
ground the entering ends of the rollers of their expanders to a five- 
inch radius. A certain amount of cold working takes place, but 
instead of the metal being plowed into a sharp crest it is moved 
ahead of the rollers in the form of a gentle undulation. No 
roller scars are visible on the inside surface of the tubes. 


Tun Evonaation Mrrnop or Tuse Roiiina 


The elongation method of tube rolling, as developed by the 
company with which the authors are associated, more nearly fills 
the specifications for an ideal method than does any one of the 
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other methods noted: In this method advantage is taken of the 
fact that the tube is loose in the tube hole until the first phase of 
the rolling-in is completed. It further takes advantage of the 
fact that during the expanding operation the wall of the tube with- 
in the tube sheet is thinned. The metal is squeezed between the 
expanding tool and the surface of the tube hole and is forced to 
flow axially. This moves the tube axially a measurable amount, 
which is a function of the degree of the expansion. The only 
extra tool required by this method is a dial indicator fitted with 
the proper-size clamp, so that the indicator may be readily at- 
tached to the tubes. The tube is inserted into its tube hole and 
manually held in place. The dial indicator is attached as shown 
in Fig. 2. The clamp extends half way around the tube and 


Fig. 2. Drau Inpicator ATTACHED TO A TUBE 


bears at three points to prevent rocking. The end of the shaft 
of the dial indicator rests on the tube sheet or drum. The 
expanding operation proceeds, using a “parallel” expanding tool. 
During the first phase the needle of the dial indicator vibrates 
until the tube has been stretched into circumferential contact 
with the tube hole. At the instant of this contact the needle 
comes to rest, indicating that the first phase has been com- 
pleted, and item two of the ideal method of expanding has been 
met. Continued expansion further stretches the tube wall into 
firmer contact with the hole and squeezes it so that axial flow oc- 
curs. This axial flow causes movement of the dial-indicator 
necdle. The amount of movement of the needle necessary to 
produce the best joint has been established by tests which will be 
described later. 
TABLE 2 DIMENSIONS AND CHANGE IN DIMENSIONS 


OF FOUR TUBES SUBJECTED TO DIFFERENT DEGREES 
OF ROLLING? 


-——Before expanding After expanding———-——~ 
Outside Inside all Outside Inside Wall Elonga- 
diam diam _ thickness diam diam thickness tion 
3.996 3.580 0.208 4.010 3.608 0.201 0.010 
3.990 3.578 0.206 4.031 3.630 0.196 0.020 
4.008 3.586 0.211 4.036 3.642 0.197 0.030 
3.995 3.575 0.210 4.031 3.645 0.193 0.040 


@ Ajl dimensions in inches. 


The dimensions and change in dimensions of four tubes of a 
given size, with different degrees of rolling, are given in Table 2. 
The tube dimensions were taken during a test conducted in 
connection with the elongation method of tube expanding. 
These tubes were cleaned, using mechanical tube-end cleaner 
having carborundum cutters of 120-grit grade H. In place of a 
regular tube sheet, blocks of boiler plate 10 in. square, 21/4 in. 
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thick, and with one reamed tube hole each, were used. Three 
tubes were expanded to each of several elongations (axial move- 
ment caused by the rolling-in operation), all without flare. Each 
tube assembly was then subjected to hydrostatic pressure until 
the joint broke and the tube was forced out of the hole. Mea- 
surements of the tube diameters and wall thickness were made 
before expanding and after the assembled tube and block had 
been separated. 


TABLE 3 CHANGES IN DIMENSIONS DURING EXPANDING 
OPERATION OF THE FOUR TUBES LISTED IN TABLE 2 


Elongation, Outside diam Inside diam Wall thickness 
in. increase, in. increase, in. decrease, in. 
0.010 0.014 0.028 0.007 
0.020 0.041 0.052 0.010 
0.030 0.028 0.056 0.014 
0.040 0.036 0.070 0.017 
TABLE 4 ASSEMBLIES OF TUBES AND TUBE SHEETS 
FOR WHICH HOLDING STRENGTH HAS BEEN DETER- 
MINED 
Nominal outside diam, Nominal wall thickness, Plate thickness, 
in. gage in. 
2 8 1,25 
2 11 1,25 
31/4 7 2.25 
31/4 7 1.00 
31/4 11 1.00 
4 5 1.25 
4 7 2.25 
4 7 1.00 
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Fie. 3 Txst Resuuts ror 2-In., 8-Gace Tuses RoLLED 
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During the expanding operation, the changes given in Table 3 
occtrred. Even though the changes in outside and inside diame- 
ter of the tube rolled to 0.020-in. elongation were not consistent 


with the others in the schedule, the decrease in wall thickness and 
the axial movement were consistent. 

It is evident from Table 3 that the elongation of the tube and 
the decrease in wall thickness are related. It remained only to 
establish experimentally the values of the relationship in terms of 
strength and water-tightness of the joints produced. The experi- 
mental determination of the relationship between elongation 
and the strength of the joint to resist destruction by hydrostatic 
pressure, called “holding strength,’ has been found for the 
assemblies of tubes and tube sheets listed in Table 4. 


Trst PrRocEDURE AND RESULTS 


Sample joints were produced by expanding short lengths (usu- 
ally 15-in. long) of boiler tube into blocks of boiler plate of the 
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thickness indicated in Table 4. Each block of plate had one 
reamed hole of nominal diameter, finished in the same manner as 
the tube holes in a boiler drum. The tube samples were usually 
cut from a single length of tube. One end of each sample was 
closed by welding in a steel disk. The outside surface of the 
open end was cleaned of scale and other foreign matter by using a 
mechanical tube cleaner having carborundum cutters of 120- 
grit grade H. The 31/,-in. and one group of 4-in. tubes were 
given a supplementary rubbing with No. 1 carborundum cloth. 
Expanding was done by the use of an air-driven “parallel’’ ex- 
pander without flaring rolls. The taper of the rolls was '/, in. 
per ft, and that of the mandrel 1/2 in. per ft, and the feed angle 
of the rolls was 11/, deg. Dimensions of tubes and tube holes 
were measured, using appropriate micrometers, both™ before 
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expanding and after the tubes had been forced from the tube 
holes. Three joints were made for each of the combinations for 
each of several elongations (usually 0.010 in., 0.020 in., 0.030 in., 
and 0.040 in.). For instance, there were 12 joints made using 
2-in., 8-gage tubes in 1!/,-in. plate, 12 joints using 2-in., 11-gage 
tubes in 1!/,-in. plate, etc. Each tube-hole plate was drilled 
so that a blank flange could be bolted to it. This blank flange 


-, carried the necessary connections for the introduction of hydro- 


static pressure within the tube. Elongation during expanding 
was indicated by the dial indicator shown in Fig. 2. 
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The results of these tests are shown on Figs. 3 to 10, inclusive. 
In these figures the holding strength is expressed in pounds per 
square inch hydrostatic pressure necessary to cause failure of the 
joint at room temperature. Failure occurs when the tube slips 
in the tube hole. The values of holding strength shown on Figs. 
3, 4, 8, and 9 are somewhat scattered for each elongation owing 
doubtless to the fact that the tube surfaces were finished exactly 
as are those in a boiler. The values are probably such as would 
be obtained in actual practice. The values shown in Figs. 5, 6, 7, 
and 10 are not so scattered, doubtless because of the fact that the 
ends of these tubes were somewhat smoothed with No. 1 car- 
borundum cloth after mechanical cleaning. The clearance 
(difference in diameters) between the tube and the tube hole 
is shown by the width of the band between the two curves, 
“Initial Diameter of Hole” and ‘Initial OD of Tube.” In some 
eases this band is of almost uniform width, whereas in others, nota- 
bly Figs. 5 and 6, the width varies considerably. The tube-wall 
thickness decreases at a relatively uniform rate with increase in 
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elongation, as would be expected, whereas the increase in tube- 
hole diameter does not follow the increase in elongation. This 
condition might be expected if the tubes were made from much 
softer steel than were the tube sheets. In the cases of the tubes 
and tube sheets represented by Figs. 3, 4, 8, and 9, in which the 
Rockwell hardness numbers of tubes and tube sheets were ob- 
tained, in all instances the tubes were harder, consequently of 
higher tensile strength than the plates. 

The tubes in several boilers have been expanded using the 
elongation method and the results have been highly satisfactory. 
Among these are the following: 


1 Boiler No. 14, Trenton Channel power plant, operating at 
400 Ib per sq in. There were no leaks, but only small beads of 
water appeared on some joints. A light reexpanding of the 
joints on one drum was carried out and the boiler was passed. 

2 Two boilers at the Ford Motor Company, Dearborn, Mich., 
operating at 1425 lb per sqin. The erector expanded the tubes 


in the same manner as were those at the Trenton Channel power 
The tubes on the first boiler were expanded to 0.020-in. 
It was found necessary to reexpand a small portion 
In the second 


plant. 
elongation. 
of the tubes in order to pass the hydrostatic test. 
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boiler, the tubes were all expanded to 0.025-in. clongation, and 
were passed on the first inspection without exception. 

3 Two boilers at the Springwells Plant of the Detroit Board of 
Water Commissioners operating at 400 Ib per sq in. Elongation 
failed to show on the first few tubes expanded. An investigation 
disclosed the fact that some of the tube holes were tapered. This 
condition was corrected and the tubes were then expanded to 
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0.016-in. elongation. The hydrostatic test showed 25 slight leaks 
among 532 tubes (1064 joints). These were corrected by light 
reexpanding. By either of the conventional methods this condi- 
tion of tapered holes would probably not have been discovered 
and serious trouble might have developed. 


OTHER CONSIDERATIONS 


There are several other related matters in the expansion of 
boiler tubes which should be given consideration. These are dis- 
cussed briefly as follows: 

1 Effect of the Condition of Finish of Surfaces of Tube and Tube 
Hole on Tightness and Holding Strength. When joints of any group 
are rolled-in to uniform elongation, the tightness and holding 
strength will depend largely on the finish of the surfaces which 
are forced into contact. It is obvious that a threaded joint 
between tube and sheet would produce a holding strength equal 
to the tensile strength of the net area at the root of the thread. 
This may be regarded as the strongest type of mechanically 
assembled joint. The minimum value of holding strength might 
be developed if the surfaces were polished. Logically, the 
holding strength of a joint in which the tube surfaces had been 
cleaned, using a mechanical tube cleaner equipped with car- 
borundum cutters of 120-grit grade H, would fall between the 
maximum and minimum values suggested above. The strength 
of the threaded joint can be calculated if the form of the thread 
is known. The holding strengths of the joints in which the sur- 
face of the tubes had been polished and those in which the tube 
surface had been cleaned using a mechanical tube cleaner, were 
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determined by hydrostatic test. In both cases the tube holes 
were smooth bored. The outside diameter of the tube was 8.996 
in., the inside diameter was 3.580 in., it had a hardness of 70 Rock- 
well B (124 Brinell), and an approximate tensile strength of 
60,000 Ib per sq in. Tests on joints showed an average holding 
strength to be 2033 lb per sq in. for the one having polished tube 
ends and a holding strength of 3700 lb per sq in. for those joints 
in which the tube ends were cleaned by a mechanical tube cleaner. 
The calculated strength of a threaded joint (25 threads per in.) 
between this size tube and a tube sheet 2!/, in. thick is 118,800 Ib. 
The total strength of the polished-tube joint was 27,600 lb, and 
that of the tube of standard finish used in the authors’ company 
was 46,500 Ib. It is probable that a machined tube rolled into a 
roughened hole would show the same holding strength as the 
roughened tube rolled into a machine-finished tube hole. It is 
evident from these figures that the condition of the two surfaces is 
a factor of first importance in the production of joints of high 
holding strength. It must be concluded that attention to the 
cleaning of tube ends is an important factor in the production of 
joints of uniform strength. 

2 The Effect of Hardness of Tube and Sheet Metal on Strength 
and Tightness of Joints. Enough data have not been collected to 
warrant any conclusions in this matter. It merits some study 
and research. 

3 The Effect of Grooves in the Tube Hole. Grooved tube holes 
have been used in an effort to improve the tightness and holding 
strength of rolled-tube joints. There are, however, few test 
data available to show the amount of improvement resulting 


/ out of the tube hole. 
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from this expedient. A. Thum and W. Ruttmann in their 
“Mitteilungen Nr. 45 der Vereinigung der Grosskesselbesitzer”’ 
| (Dec., 1933) note in their summary under item 6: ‘The yield 
limit (due to a repeated bending movement) can be improved 50 
per cent by a groove.” Experimental results to establish this 
statement were not shown. Further investigation of this 
matter should be made, taking into account the depth, width, 
and shape of the groove or grooves and their location in the tube 
hole. 

4 The Function of the Bulge and Flare. The opinion is held by 
boiler men that the tightness and strength of the joint depends in 
part on the bulge and the flare made during the expanding opera- 
tion. It is true that the flare will prevent the tube from slipping 

When the tube is rolled-in, the backing 


: ~ out of the expander pushes the flare a few thousandths of an inch 


away from the tube sheet so that the flare does not contribute to 
the tightness or holding strength of the joint. Also, in many 
cases the flare is not correctly rolled and its effect on holding 


strength is therefore doubtful. In the case of flat tube sheets, 


the initial expanding of both bulge and flare will produce contact 
completely around the tube. On the other hand, in joints ex- 
panded into curved tube sheets excessive work on the flare is 


) necessary to produce contact all around the tube. This produces 


a rounded edge in the tube hole which makes very difficult the 
refitting of a new tube in case of replacement. The flare does 
perform an important function in providing a smooth entrance 
to the tube which reduces the resistance to flow. 

5 Effect of Lengthening the Tubes Caused by Rolling-in. The 
tests which established the elongation method of rolling-in tubes, 
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showed that the tube is lengthened a measurable amount by the 
rolling operation. The more heavily the tube joint is rolled-in, 
the greater the lengthening of the tube. If adjacent tubes in a 
drum or tube sheet are rolled-in to different elongations, the 
difference in lengthening sets up considerable thrust on the tube 
which has been rolled the least, or compression on the tube 
which has been rolled the most. This compression may lead to 
the bowing of the more heavily rolled-in tube with the possibility 
of failure because of interference. If it were possible to roll-in 
all the tubes of a given bank or bundle simultaneously andequally, 
there would be no difference in lengthening of adjacent tubes. 
But at present tubes are rolled-in one at a time. The elongation 
given each tube except the first, imposes a thrust on all tubes that 
have been previously rolled-in. The presence of accumulation of 
thrust is especially evident in straight “tack tubes.” That this is 
true is shown by the failure of tack-tube joints during assembling 
of the boiler, and perhaps more frequent failure after the boiler 
has been in service for some time. The actual value of this 
axial loading is a difficult matter to calculate, because of the 
shapes and arrangements of the tubes in any given boiler. An 
approximation has been made, however, by actually weighing the 
axial thrust during the rolling-in operation. This was carried out 
by having the free end of a short tube, which was being rolled 
into a 10-in. square plate, exert its axial thrust against the ram on 
a hydraulic jack. The base of the jack and the plate were 
rigidly joined together. The hydrostatic pressure shown by the 
gage on the jack was multiplied by the area of the jack plunger 
to give the value of the thrust. While this test is not presumed 
to reproduce the conditions occurring during the erection of a 
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boiler, yet it does indicate the possible magnitude of the thrust. 
Fig. 11 shows the results obtained in one of the tests described. 
The accumulation of thrust, if not controlled, often results in 
the bulging of the tube sheets, the raising of steam drums off their 
supports during erection or even the rupture of tubes. Control of 
cumulative thrust applied to boilers having drums may be 
effected by either of two procedures. In both cases tack tubes are 
installed first. They are fully rolled-in at one end and partly 
rolled-in at the other. Next, the remaining tubes are fully rolled- 
in at one (usually the upper) end and partly rolled in (usually to 
0.005-in. elongation) at the other end. In the first procedure, 
the partly rolled-in ends are then fully rolled-in proceeding along 
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the length of the drum. In the second procedure, tack tubes are 
rolled-in as in the first procedure. All remaining tubes are fully 
rolled-in at one end (usually the upper end), the remaining joints 
are then rolled-in, starting at the middle of the length of the bank 
and rolling tubes to full elongation toward the ends of the bank. 
This divides the amount of accumulated elongation and the 
consequent thrust in half. In long banks, the rolling-in of the 
remaining tubes is carried out by dividing the length of the bank 
into four parts and rolling the tubes in each fourth of the length 
separately. Any of these methods reduces the amount of ac- 
cumulated thrust and makes less likely the failure of the joints 
from this cause. 

A few tests were made to determine the characteristics of the 
expanding tool. These tests were conducted by rolling-in 
31/-in., 7-gage tubes into 2/;>-in. plate. The feed angle was 
changed for the different tests and a record made of the revolu- 


TABLE 5 CHARACTERISTICS OF THE EXPANDING TOOL 
Feed angle of expander, No. of revolutions of Time to roll—joint, 
deg. expander head sec. 
1 18/5 150 
11/4 173/4 110 
1!/2 171/2 90 
2 12 60 


tions of the head of the tool and the time in seconds to complete 
the joint. The results are given in Table 5. 


CONCLUSIONS 


This paper presents the results of an elementary study of the 
fundamentals of rolling-in boiler tubes. From these results the 
following conclusions have been drawn: 

1 The rolling-in of boiler tubes may be broken down into two 
separate phases; in the first the tube is enlarged until it fits the 
tube hole; in the second the tube is further expanded into tight 
contact with the wall of the tube hole. Definite control of these 
two phases of the operation is necessary if the rolling-in is to 
produce joints of maximum strength and tightness. 

2 In the usual methods of rolling-in tubes the two phases are 
not controlled with the result that uniformity of strength and 
tightness of joints cannot be assured. Records of such rolled-in 
joints show that some are under-rolled and others are over-rolled. 
Over-rolling of joints results in heavy cold-working of the metal 
of the tube and of that surrounding the tube hole, thus setting 
up points of high-stress concentration with predisposition to 
corrosion fatigue. 

3 In the “Elongation” method of tube rolling, the two phases 
of the rolling-in operation are definitely controlled by the use of a 
dial indicator clamped to the tube being rolled-in. The relation- 
ship between elongation and holding strength has been investi- 
gated experimentally, using several tube sizes and sheet thick- 
nesses. It appears that the most satisfactory joint is produced 
when the elongation is about 0.020 in. 

4 There are several other matters in the tube-rolling problem 
which merit investigation. Some of these are: (a) The effect of 
the condition of finish of the surfaces to be forced together in 
rolling-in a joint. (b) The effect of the relative hardness of 
tube and tube sheet on the tightness and holding strength of the 
joint. (c) The effect of grooves in the tube hole on holding 
strength and rigidity of the joint. ; 

In this paper little has been said about the tool used for rolling- 
in the joint. This tool, like most others, has been the result 
of growth over a period of years. There does seem to be a need 
for some further development in the tools ordinarily used. In the 
work done in Germany for the Association of Owners of Large 
Boilers, A. Thum and W. Ruttmann, the investigators, lay great 
stress on the effect of rate at which the joint is formed. This 
rate is a function of rate of feed of the tool and the number of 
revolutions of the tool to form the joint. They have merely 
touched on this matter and state that it should be studied further. 
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~Steam-Turbine Leaving Losses and Vacuum 


4 


Corrections 


By LINN HELANDER,! MANHATTAN, KAN. 


Based upon the discussion of steam flow through non- 
divergent nozzles with oblique exit faces in “Die Dampf- 
turbinen,”’ by Gustav Flugel,? this paper presents a pro- 
cedure wherewith steam-turbine vacuum corrections may 
be calculated with a fair degree of accuracy when the design 


characteristics of the last row of blades and one set of water 
_ rates for specified steam conditions and loads are known. 


The procedure outlined is designed primarily for consult- 
ing engineers and power engineers, not for the turbine 
engineer. On that account certain simplifying assump- 
tions have been introduced. These simplifying assump- 
tions, although perhaps not acceptable where precise re- 
sults are required, will be found satisfactory for the pur- 
poses for which the formulas presented herein have been 


, developed. A comprehensive sample calculation is used 


to exemplify the procedure outlined. 

In addition to a procedure for evaluating vacuum cor- 
rections, the paper presents simple formulas for evaluating 
small increments of isentropic heat drop when the expand- 
ing steam is saturated. These formulas give evaluations 
of small increments of heat drop more accurately than 


HE procedure herein proposed for calculating leaving losses 
She vacuum corrections is based on Fliigel’s discussion of 

the flow of steam in nozzles with exit faces not at right 
angles to the nozzle axis.2. According to Fliigel’s analysis, where 
steam flows through a non-divergent nozzle with an oblique 
exit face, the velocity of the steam relative to the nozzle at the 
exit will be directed along the axis of the nozzle so long as the 
critical velocity is not exceeded; but when the critical velocity 
is exceeded, the steam leaving the nozzle will be directed, relative 
to the nozzle, along a line that makes an angle 6 with the nozzle 
axis. Where the pressure in the exhaust chamber does not fall 
below a certain value P,,, defined as the minimum pressure at- 
tainable at the exit boundary of the nozzle, the magnitude of 6 
can be determined from the continuity equation wherein M = 
F, sin(e + 6) V,,/v sina. In this equation, M is the mass 
velocity of the steam in the nozzle, lb per sec; F, is the cross- 
sectional area of the nozzle at the exit face measured at right 


1 Head of the Department of Mechanical Engineering, Kansas 
State College of Agriculture and Applied Science, Manhattan, Kan. 
Professor Helander was graduated from the University of Illinois in 
1915 with the degree of B.S. in mechanical engineering. Since that 
time he has worked as steam engineer for the Pittsburgh Crucible 
Steel Company, Midland, Pa.; as general engineer on steam appara- 
tus for the Westinghouse Company, East Pittsburgh and South 
Philadelphia, Pa.; as a senior engineer for the U.G.I. Contracting 
Company and the United Engineers and Constructors, Philadelphia, 
Pa.; and as a consultant. Since 1931 he has been engaged in re- 
search and teaching. 

2 “Die Dampfturbinen,” by Gustav Fliigel, J. A. Barth, Leipzig, 
1931. 

Contributed by the Power Division for presentation at the Semi- 
Annual Meeting, Cincinnati, Ohio, June 19 to 21, 1935, of Tur 
AmprICAN Socrnty oF MrecHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until July 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


they can be read from ordinary steam charts and may be 
solved with little if any more labor than is used in read- 
ing charts. 

Certain formulas are also presented which evaluate 
the mass rate of steam flow through a blade or nozzle 
when the critical velocity is reached therein, the mass rate 
of steam flow through a nozzle or blade when the terminal 
nozzle or blade pressure is the minimum attainable (that 
is, when the exhaust-chamber pressure is at or below that 
corresponding to the limiting vacuum), the rate of change 
of internal shaft work with a change in the exhaust- 
chamber vacuum temperature for expansions beyond the 
critical pressure, and the approximate rate of change of 
internal shaft work with vacuum temperature when the 
terminal blade pressure is above the critical pressure. Ap- 
proximate formulas are given which express the specific 
volume and latent heat of dry saturated steam in terms of 
the temperature of the steam. These formulas have been 
developed for use where the exhaust steam is saturated 
and where, in addition, the temperature of the exhaust 
steam does not exceed approximately 140 F. 


angles to the axis of the nozzle, sq ft; ais the angle that the nozzle 
axis makes with the plane of the exit face; V,, is the velocity of 
the steam measured relative to the nozzle at the exit face, ft per 


Fig. 1 Expansion or Stam BEryonpD CRITICAL PRESSURE IN A 

Non-Divercent Nozzin. WHEN Expansion Procrenps BEYOND 

THE CRITICAL Pressure THD Re,ative Luavine VeLocity Vro Is 
Deriectep From tap Nozzium Axis aN AMouNT 6 


sec; and » is the specific volume of the steam at the exit face; 
see Fig. 1. 

The last row of blades of a turbine may be treated as non- 
divergent nozzles. Then F,/sin a becomes the free area of the 
annulus of the last row of blades, V,, becomes the exit steam ve- 
locity relative to the blades, » becomes the specific volume of the 
steam leaving the blades, M becomes the total mass rate of steam 
flow through the last row of blades, a becomes the blade angle of 
the last row of blades, sin « becomes the gaging of the last row 
of blades, and (a + 6) becomes the efflux angle of the last row of 
blades, i.e., the angle that the relative leaving velocity makes with 


153 


154 


the plane of the exit face. Herein, the efflux angle will be denoted 
by 8. When the exhaust-chamber pressure falls below the value 
P,q, defined above, the circumferential component of the relative 
exit velocity, in accordance with Fliigel’s discussion, remains 
constant as the exhaust-chamber pressure is reduced, and, since 
the magnitude of this component determines the magnitude of 
the turning torque on the blades, the turning torque on the blades 
likewise remains constant under this condition. Consequently, 
reducing the exhaust-chamber pressure, when it is already at or 
below the value P,,,, has no effect upon the economy of the tur- 
bine. The pressure P,, therefore constitutes the true limiting 
pressure and the corresponding vacuum constitutes the true 
limiting vacuum. 

In accordance with the interpretations of Fliigel’s discussion 
given in the preceding paragraph, the following procedure is 
suggested for evaluating leaving losses: 

(a) Where the critical velocity is not exceeded in the last row of 
blades, assume the efflux angle and the blade angle to be identical. 

(b) Where the critical velocity is exceeded in the last row 
of blades, calculate the magnitude of the efflux angle by means of 
the continuity equation. 

In order to employ the continuity equation for evaluating the 
efflux angle when the critical velocity is exceeded, the relative 
leaving velocity must be known. To obtain this, the following 
procedure is suggested: 

(a) From known exhaust conditions, employing curves and 
formulas presented herein, determine the critical pressure, the 
quality of the steam at the critical pressure and the relative velo- 
city at the critical pressure, the latter being directed along the 
blade axis. 

(b) Having determined the critical pressure and the quality 
at the critical pressure, determine the isentropic heat drop from 
the critical pressure to the blade-terminal pressure, i.e., to the 
exhaust-chamber pressure if the latter is not below P,,, otherwise 
to P,z, and therefrom, knowing the efficiency of incremental 
energy conversion in the last row of blades, the actual heat drop 
from the critical pressure to the terminal-blade pressure. 

(c) Having determined the relative velocity at the critical 
pressure and the actual heat drop from the critical pressure to 
the blade terminal pressure, calculate the relative exit velocity 
using the formula 


Vio = V(2gJH' + V2,,) 


where H’ is the actual heat drop from the critical pressure to 
the blade terminal pressure, V,, is the relative velocity at the 
critical pressure, and V,, is the relative exit velocity. 

The following procedure is suggested for evaluating vacuum 
corrections: Assuming that the steam rate of the turbine is 
known for a specified vacuum, calculate the leaving losses im- 
plicit in this steam rate. Add these losses, expressed in Btu, to 
the internal work done per pound of steam as evaluated from the 
known steam rate, the mechanical efficiency of the turbine, and 
the generator efficiency. The result will be the gross internal 
conversion of heat energy into mechanical energy, including in 
the latter the kinetic energy of the steam. For convenience, 
designate this quantity by H’;. Deduct H’, from the heat con- 
tent of the steam as it enters the turbine in order to find the heat 
content of the steam as it leaves the last row of blades. From 
the heat content so evaluated, determine the quality of the steam 
leaving the last row of blades. Therefrom, knowing the nozzle 
efficiency of incremental energy conversion in the last row of 
blades and making use of formulas given herein, determine the 
actual increase in heat drop that will occur when the vacuum is 
increased to its new value. Add this increase of actual heat drop 
o H’, and deduct from the result the leaving losses evaluated for 
the new vacuum. From the result so obtained, knowing the ef- 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


ficiency of the generator and the mechanical efficiency of the 
turbine, the new steam rate can be determined and therefrom 
the vacuum correction evaluated. When the exhaust pressure 
is below the critical pressure, determining the critical pressure 
and the state of the steam at the critical pressure is one part of 
the above procedure. That the entire procedure is not difficult, 
will be seen from the following example which illustrates the 
manner in which vacuum corrections may be evaluated. 


CALCULATION OF VACUUM CORRECTIONS 


The itemized steps of the following example illustrate the 
method of calculating for vacuum corrections when, as in Case 
1, the critical velocity is not exceeded in the last row of blades, 
and when, as in Case 2, the critical velocity is exceeded in the last 
row of blades. In both cases, the problem is to determine the 
steam rate at a vacuum of 29 in. hg when the steam rate is given 
for a vacuum of 281/, in. hg. The symbols used in the problem 
are those tabulated in the nomenclature while the formulas re- 
ferred to are found in Appendix A. 


Case 1 
53,000 


Case 2 


1 Steam flow through last row of blades, lb per hr. 123,000 
2 Dry steam nozzle efficiency, L’n, of incremental 

energy conversion in last row of blades, per cent. 

Assumed for this problem but should be ob- 

tained from’ manufacturer... ntecun+ airs tua te tee 90 90 


3 Gaging = sin a of last row of blades. 


obtained from manufacturer........0..0s00005 0.45 0.45 
4 Fb» = spouting area of last row of blades = free 

area of annulus of last row of blades multiplied 

by sin a, sq ft. To be obtained from manufac- 

GULET bite 5 oly oe) nado) Maerd ye ont Ole ie ne eee 9.35 9.35 
5 Steam rate, lb per kwhr, with vacuum 28)/2 in. 

hg. To be obtained from manufacturer........ 10.59 9.83 


6 Generator and mechanical losses, per cent of 

gross load. To be obtained from manufacturer 

or may be estimated from published data...... pha d 4.1 
7 Internal steam rate, lb per kwhr. Item 5 X 

(1 == ‘tena. 6/ 100)... evn ee ren eta es ont 9.67 9.43 
8 Internal work per lb steam, Btu per Ib = 

BA15 /Themiye Pe deca: cltead teeta tae ee 353.5 362.5 
9 Heat content of steam entering turbine, Btu per 

lb, front steam: tables.” 3): seers nds ute ee 1332.4 1332.4 
10 Approximate heat content of steam leaving last 

row of blades, vacuum 28!/2 in. (Item 9 — Item 

8), Btuiper We tas saci anaes crema eden Nae oe 979 970 
11 Heat content of liquid at a vacuum of 28!/2 in., 

Btu per lb, from steam tables..........-...... 59.7 59.7 
12 Latent heat of dry saturated steam at a vacuum 


of 281/2 in., Btu per lb, from steam tables...... 1040.8 1040.8 
13 Approximate quality of steam leaving last row 
oe vacuum 28!/2 in. (Item 10 — Item 11)/ 
Item 1 Pe ee a ee ee ea ee 0.88 0.87 
14. Value a M/F 6s, Item 1/itemia tine. dense abe 5670 13,150 


15. Critical temperature, deg F, i.e., temperature 

corresponding to critical pressure, from Fig. 3 

using curve for which En/Xc = 0.90. This as- 

sumes Hn = (Item 2) Xe....-. 2s ee sere ereees 74.5 101 
16 Value of (M/F) sin a Item 14 X Item3.... 2550 5920 
17 Limiting temperature, deg F, i.e., temperature 

corresponding to limiting vacuum, from Fig. 3.. 50 76 
18 Temperature corresponding to exhaust-chamber 

vacuum of 28/2 in. hg, deg F, from steam 

Gable: stp scsi ele Fel vac te eb etites Sie aa eee 91.8 91.8 
19 Estimated quality at critical pressure.......... Setar 0.87 
20 Specific volume of dry saturated steam at critical 

pressure from steam tables, cu ft per lb........ ae ae 341 
21 Approximate relative velocity at critical pres- 

eae: ft per sec., Item 14 X Item 19 X Item 20/ 

600 fo. tes isdn ertieel: aatet enivees tee oaethaoon Bie 
22 Latent heat of dry saturated steam at critical 

pressure, from steam tables, Btu per | 
23 Approximate isentropic heat drop from critical 

pressure to 28'/: in. vac. from formula 4a. 


(tens 15 = Ttem 18) [1 4+ (“= eA} 


Item 15 + 460 
— (Item 18 + 460)loze{ 1 + 


Item 15 — Item roto eam 
Item 18 + 460 
24 Approximate actual heat drop from critical 
pressure to 28!/2 in. vac. Btu per lb. Item 23 
X Item 2 X (Item 19 + Item 13)/2.......... APA 
25 Approximate velocity of steam relative to blade 
at exit boundary face. Vac. 281/2 in. Ft per see 
= ¥(29 X 778 X Item 24 + (Item 21)?]....... ov 
26 Specific volume of dry saturated steam at 281/2 
in. yac. from steam tables, cu ft per lb 
27 Estimated sin 8 = sin efflux angle, at 28'/2 in. 
vac. In Case 1, gaging,i.e., Item 3. In Case2, 
Itern 14 X Item 3 X Item 26 X Item 13° 
Item 25 * 3600 
28 Vs = mean blade speed of last row of aie ft 
per sec. From manufacturer..............-.+-- 
29 Approximate leaving loss at 281/2 in., Btu Fea 
lb, from formula 1b. See calculation A in 
pendix Bt 


1083 
1036 


14.9 


11.65 


1325 
445.3 


0.48 
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30 Approximate total heat converted into mechani- 
cal energy, including therein the kinetic energy 
of the leaving steam, at 28!/2 in., vac., Btu per 


lb (Item 8 + Item 29)........--c- cece eeeees 357.2 372.3 
31 Revised estimate of heat content of steam leav- 

ing last row of blades at 28!/2 in. vac., Btu per 

THh(iter' 9 ——"Ttem 30) 5. ies wares 975.2 960.1 
32 Revised estimate of quality of steam leaving last 

row of blades, 28!/2in. vac. (Item 31— Item 11) 

Ee +e Se eC res ei se ce oe 0.88 0.865 
33 Heat content at critical pressure, Btu per lb, 

tema) + Tem 24ers ea 971.75 
34 Heat content of liquid at critical pressure from 

pteam tables, Biu per Ib... .-n ce cece cusses 68.9 


35 Revised estimate of quality at critical pressure. 

Item 33 — Item 34)/Item 22................ artis 0.872 
36 evised estimate of isentropic heat drop from 

critical pressure to 281/2 in. vac. (Item 15 — 


Item 18) [1 eS C4 ee ivan 


Item 15 — Item 18 
18 + 460) loge fate (ea) | eres 14.9 


37 Revised estimate of actual heat drop from criti- 
cal pressure to 281/2 in. vac., Btu per lb. Item 
36 X Item 2 X (Item 35 + Item 32)/2........ aesca ys 11.65 
38 Revised estimate of velocity of steam relative 
to blade at exit boundary face at 28!/2 in. vac., 
ft per sec = V[29 X 778 X Item 37 + (Item 
St) é Them 35/ lent 19)2) ag Ge. es Soe whe ee ee 
39 Revised estimate of sin 6 = sin efflux angle, 281/2 
in. vac. For Case 1, Item 3 and for Case 2 
Item 14 X Item 3 X Item 26 X Item 32 


Item 38 X 3600 

40 Revised estimate of leaving losses at 28'/2 in. 
vac., Btu per lb, from formula 1b. See calcula- 
tion B in Appendix Blowin... eyelet es ees 

41 Temperature corresponding to exhaust-chamber 
vacuum of 29 in. hg, deg F 

42 Isentropic heat drop from 281/: in. vac. in Case 1, 
from critical pressure in Case 2, to vacuum of 29 

in., Btu per lb, for Case 1, (Item 18 — Item 


Item 32 X Item 12 
ee [1 + (Trem 18 + 460 = pg 
Item 41) loge 


[1 oe Item 18 — Item 2) ] 


Item 41 + 460 

For Case 2, substitute Item 15 for Item 18, Item 

35 for Item 32, and Item 22 for Item 12........ 21.2 35.6 
43 Estimated actual heat drop from 28'/2 in. vac. to 

29 in. vac. in Case 1, and from critical pressure 

to 29 in. vac. in Case 2. Item 42 X average 

quality X Item 2 = Item 42 X Item 32 X Item 

2, approximately... . 02 -.cecsscsceseenser ens 16.75 27.70 
44 Approximate heat content of steam leaving last 

row of blades at 29 in. vac., Btu perlb. Case 1, 

Item 31 — Item 43. Case 2, Item 33 — 


1325 


Aber Aaa ae ae ate ie ce eia ata lsts alee ebetelaiw ais s'e1 =e 958.45 944.05 
45 Heat content of liquid at 29 in. vac., from steam 

tables, Btu per Ib... 2... ce ew cece cece nsees 47 47 
46 Latent heat of dry steam at 29 in. vac., Btu per 

Nene: OBE out de Seon Ses te Oman e pee pies 1048 1048 


47 Quality of steam leaving last row of blades at 
(Item 44 — Item 45)/Item 46...... 0.87 0.856 
48 Revised estimate of actual heat drop from 281/2 


Item 
Case 


2, Item 42 X Item 2 X (Item 35 + Item 47)/2 16.7 27.70 
49 Velocity of steam relative to blade at exit from 

last row in Case 2 at 29 in. on ft per sec = 

2 

vV/[ 20 X 778 x Item as + (HOTA) | See 1600 
50 Specific volume of dry saturated steam at 29 in. 

vac., from steam tables, cu ft per lb............ 652.7 652.7 
51 Sin @ = sin efflux angle at 29 in. vac. Case 1, 

aor ee gin 50 X Item 47 

tem 14 X Item 3 X Item em 

TERIRAO DS BO ee 0.45 0.574 

52 Cos 6 = cossin=! Item 51...........-..-..-- 0.893 0.819 


53 Leaving losses at 29 in. vac., Btu per lb, from 

formula 1b. See calculation C in Appendix B‘. 3.4 20.9 
54 Total gross conversion of heat into mechanical 

energy at 29 in. vac. Case 1, Item 8 + Item 

40 + Item 48. Case 2, Item 8 + Item 40 — 


Ttem 37 - [tert 48250 ie wie te ele sivle elialeiaden wo ave 373.9 388.3 
55 Net conversion of heat into internal shaft work 

at 29 in. vac., Btu perlb. Item 54 — Item 53.. 370.5 367.4 
56 Internal steam rate at 29 in. vac., lb per kwhr. 

3415/Item 55...... 0.22 c cece ween een ence 9.22 9.30 
57 tego steam rate at 29 in. vac., lb per kwhr. 

tem 56 

aii ee a 10.10 9.70 
58 Per cent reduction in internal steam rate due to 

change of vacuum. (Item 55 — Item 8)/ Item 55 4.6 1.33 


The foregoing procedure assumes that the actual increment 
of heat drop due to a change of vacuum is equal to the in- 
cremental isentropic heat drop multiplied by the nozzle effi- 
ciency of incremental energy conversion in the last row of 
blades. This is correct when the critical pressure has been 
attained in the last row of blades; otherwise it is an approxima- 
tion. The procedure assumes also that the influence of leakage 
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losses in the last row of blades can be ignored; likewise varia- 
tions in Z’,,, the dry-steam nozzle efficiency of incremental energy 
conversion. Although these assumptions are satisfactory for 
general purposes, the turbine designer very likely will want to 
take cognizance of the fact that leakage losses influence the re- 
sult and may increase when the exhaust-chamber pressure is re- 


100 


Deg F 


© 
oO 


oe 
fo} 


a 
Oo 


4 


Temperature of Vapors at Limiting 


Vacuum or at Critical Pressure, 
x 
° 


50 = | | 
7 4 6 8 10 12 14 
M sin off at Limiting Vacuum and M/Fp at Critical Pressure 


1000 Lb per Hr 


Fic. 2 Vaturs or M Sin a /Fp at Limitinc VACUUM AND OF M/F> 

av CRITICAL Pressure Assumina Nozzum Erricitency oF INCRE- 

MENTAL ENERGY CONVERSION IN Last Row or Buapes to Bz UNITY 
(Ma sin «/Fb = 3600¥ [(kagP’vd) / (vvaX a) J 


M-/Fb = 3600 vV [(kegP’ve) / (vxeXc) ] 
k = 1.035 + 0.1 X) 


T is 
| 


Deg F 


wo 
o 


? 


ao 
jo} 


70 


o>) 
Oo 


Temperature of Vapors at Limiting 


Vacuum or at Critical Pressure 


50 


— 
2 4 6 8 10 l2 14 
M sin «/Fp at Limiting Vacuum and M/F, at Critical Pressure 
J000 Lb per Hr 


Fig. 3. Vaturs or M Sin a/Fy av Limitina VACUUM AND OF M/F, 
av CRITICAL Pressurp AssumING Nozzin Erricinncy OF INCRE- 
MENTAL ENERGY ConveERSION IN Last Row or BLADES TO Bp as 
InpIcaTED. Curves OBTAINED BY UsE oF FoRMULAS [2b] anp [8b] 


duced below the critical pressure, also of the fact that #’, may 
vary with a change in the exhaust pressure and the rate of steam 
flow.? In evaluating E,, the nozzle efficiency applicable for the 


3 ‘Die Diisencharakteristik,” by Gustav Fligel, Forschungsar- 
beiten auf dem Gebiete des Ingenieurwesens, No. 217, Berlin, 1919. 
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incremental heat drop, Z’n was multiplied by the average quality 
of the steam during its incremental expansion. This is consis- 
tent with the practice of reducing the efficiency of a stage 1 per 
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cem for each average per cent of moisture in the steam in the 
stage. Actually, however, the effect of a unit percentage of 
moisture on the efficiency of incremental energy conversion 


within a blade may be less than its effect on the over-all stage 
efficiency, and further it may differ appreciably in the nozzle 
proper and in the triangular section following section F, of 
Fig. 1. Time did not permit of a more comprehensive investi- 
gation of the influence of moisture, but a discussion of this will 
be welcomed. 

Fig. 2 shows values of the saturation temperature correspond- 
ing to the limiting pressure P,z when the abscissas represent 
M sin «/F, and of the saturation temperature corresponding to the 
critical pressure when the abscissas represent M/F,, the nozzle 
efficiency of incremental energy conversion in both cases being 
unity. Fig. 3 is the same as Fig. 2 except that the nozzle effi- 
ciency of incremental energy conversion is no longer assumed to 
be unity; also the data plotted in Fig. 3 were obtained from a 
formula developed by the writer while those plotted in Fig. 2 were 
obtained from formula [45] in Fliigel’s “Die Dampfturbinen.’’? 
The curves of these two figures should agree approximately where 
the ratios of H,/X are identical. Fig. 4 shows curves of charac- 
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teristic leaving losses calculated by assuming the quality of the 
exhaust steam to be 88 per cent and the nozzle efficiency of in- 
cremental energy conversion in the last row of blades to be 90 
per cent. The spouting area of the last row of blades, F's, was 
assumed to be 9.35 sq ft and the gaging was assumed to be 45 
per cent in developing Fig. 4 as was assumed in the illustrative 
example previously presented. Fig. 5 shows values of 8, the 
efflux angle of the last row of blades, corresponding to the data 
presented in Fig. 4. 

From Figs. 2 and 8 it will be seen that the depression of the 
temperature corresponding to the limiting vacuum below that 
corresponding to the critical pressure is approximately 25 F 
when the gaging, i.e., sin a, is 0.45, and 33 F when the gaging 
is 0.85. The value of 25 F for 45 per cent gaging is verified also 
by the curves of Fig. 6 which show values of (—dW;/dT,), the 
rate of change of internal work with a change of vacuum tem- 
perature, plotted as abscissas and the difference between thesatura- 
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tion temperature at the critical pressure and that at the exhaust- 
chamber pressure as ordinates. Here the difference between the 
saturation temperature at the critical pressure and that at the 
limiting vacuum is the ordinate where (-dW,/dT,) = 9. 

The author is grateful for the many helpful suggestions offered 
to him during the preparation of this manuscript; to W. E. Cald- 
well and his associates on the Power Division Executive Com- 
mittee of the A.S.M.E. for their interest in the paper; and to vari- 
ous members of the engineering staff of Kansas State College 
who assisted with translations and with the correction of the 
manuscript. 


NOMENCLATURE 
a = free fraction of area of annulus of last row of blades 
8 = efflux angle of last row of blades 
a = blade angle of last row of blades 
C = specific heat, Btu per lb per deg F 
C,, = specific heat of water = 1, approximately 
D’, = mean diam of last row of blades, ft 
E, = nozzle efficiency of incremental energy conversion in 
last row of blades. Z,, is the efficiency with which the 
next increment of isentropic heat drop selected is con- 
verted into relative kinetic energy, i.e., into kinetic 
energy of the expanding steam measured relative to 
the blade. Thus 
d(V?,) V0 aan Veer 
Bae) sir 7789 Pl Al iraitsy 778g 
where V, = velocity of steam relative to blade, ft per sec 
E’, = dry-state value of Z, 
F, = spouting area, last row of blades = arD’,,Ly sin a, sq ft 
g = acceleration of gravity, ft per sec per sec 
H = isentropic heat drop, Btu per lb 
Hy, = isentropic heat drop, state 1 to state 2, Btu per lb 
h,, = heat content of steam leaving the last row of blades, 
the quality of this steam being X ; Btu per lb 
hy = heat content of saturated liquid at pressure of steam 
leaving last row of blades, Btu per lb 
j = leaving losses = kinetic energy of steam leaving last 
row of blades, Btu per lb 
k = 1.035 +0.1X; kh, = kwhen X = X,, and ky = k when 
X =X, 
L, = blade height, ft 
M = steam leaving last row of blades, lb per hr 
M, = steam leaving last row of blades when critical pressure 
exists at exit section F, (see Fig. 1), lb per hr 
Ma = steam leaving last row of blades when pressure at 
blade exit section CA of Fig. 1 is that correspond- 
ing to the limiting vacuum, lb per hr 
P, = pressure of steam leaving last row of blades, lb per sq in. 
P,, = critical pressure of steam in last row of blades, lb per 
sq in. 
P’,. = critical pressure of steam in last row of blades, lb per 
sq ft 
P,,, = pressure existing in the exhaust chamber, lb per sq in. 
P,q = limiting pressure, Ib per sq in. 
P’,, = limiting pressure, lb per sq ft 
r, = latent heat of vapors leaving last row of blades, Btu per 
Ib 
ryq = latent heat of vapors at limiting pressure, P,g, Btu per 
Ib 
rye = latent heat of vapors at critical pressure, Btu per Ib 
r, = Latent heat of steam leaving last row of blades = BX 9 


. where X is quality of steam, Btu per lb 
entropy, Btu per deg F 
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T., = absolute temperature of steam leaving last row of 
blades, deg F 
T,. = absolute temperature of steam at critical pressure, 
P,., deg F 
T,4 = absolute temperature of steam at limiting pressure, 
P,a deg F 
T,, = absolute temperature of steam in exhaust chamber, deg 
F 
V = velocity, ft per sec 
V,. = velocity of steam leaving last row of blades measured 


relative to blade, ft per sec 


V, = mean velocity of blade, ft per sec 
V, = absolute velocity of steam leaving last row of blades, 
ft per sec 
V,. = critical relative velocity of steam in last row of blades, 
ft per sec 
», = specific volume of dry saturated vapors leaving last 


row of blades, cu ft per Ib 
tq = specifie volume of dry saturated vapors at limiting 
pressure, P,,, cu ft per lb 
v,, = specific volume of dry saturated vapors at critical pres- 
sure, P,,, cu ft per lb 
= internal shaft work, Btu per lb steam 
dry fraction of steam leaving last row of blades 
= dry fraction of steam leaving last row of blades when 
terminal pressure in blades is the limiting pressure, j Bee 
X, = dry fraction of steam at section Fs of last row of blades 
when critical pressure P,, exists at that section 
5.99 log, (T',/550) + 12,200 (550 — T’,)/550 T, 


z, = value of z at critical pressure, P,., ie., when T, = T,. 
Zq = value of zat limiting pressure, Pa, i-e., when T, = Tyg 
Appendix A 


The following formulas will be helpful in evaluating leaving 
losses and vacuum corrections. Their derivation will be given 
in Appendix B.4 Definitions of symbols are given in the nomen- 
clature. 

I Formulas for evaluating leaving losses. 


V2, + V%— 2V.V,. cos B 
29 X 778 


_ (X(M/F,)(sin_o/sin 8) vy]? Vy 
- 64.9 X 101 5.01 < 104 
XV,(M/F,)(sin @/sin B)v, cos B 
9.02 < 107 
[X(M/F,) (sin a/sin B)e*}? V,? 


E 29.56 X 105 + For x 10 


XV,(M/F,)(sin a/sin 6)e* cos 6 
1.925 X 10° 
Nots: Formula [1c] expresses j as a function of the terminal 
temperature of the steam and, therefore, is in such form that the 
derivative dj/dT, can be evaluated. 


II Mass velocity of steam leaving last row of blades when 
critical pressure exists at blade exit section F;,. 


l= 


+ 


M/F, = 10° 
X65 
X cooly _.. [2a] 
9.07r,,. Tr (l— 0.55X,) 
0.678 en a 


4 Appendix B has been filed in the Archives of the Society and may 
be obtained upon request. 
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M,/F, = 
103 X 569 X Pelin [2b] 
Xw 9.07 Tc T,.(1 — 0.55X,) 
eve shee Pe Tf = E, jee 
ve XTee 


M,/F, = 3600 V/{(B,/X.) (ke9P've/%ee)], approximately ... . [2c] 


In formula [2c] k, = (1.035 + 0.1 X,), see Fligel’s Die Dampf- 
turbinen, page 69.2 Formula [2c] is derived by recognizing 
from formula [2a] that M,/F, = (/E,) X [(M,/F,) evaluated 
for E, = 1], approximately; also by employing the equation 
for the velocity of sound. 

III Critical velocity of steam in last row of blades. 


V,- = 180.2 
Xx 
Seely —————— /..... [3a] 
9.07r,. T,,(1 —0.55X,) 
0.678 1—£#, + 
ve AGT 
(M,/F;) ACP 
age eon RE ER A 3b 
Vre 3600 [30] 
Vie = V(Eqk.gP'ceX dec) = 52.5>/(Eqk eX Pv) 
approximately....... [3c] 


IV Small increments of isentropic adiabatic heat drop when 
low-pressure saturated steam is the expanding medium. 


Hy, — (Tn aac: T 2) (C12 3 Xitn/T 1) 


== Cy2T'y2 log.(T 1/72) oe: 0ise, mika adele iene [4a] 
Hy (approximate) = Xir, log,(T/T ,)........ [4b] 
OH DX gs Do. cine [4c] 


where 71, X1, 7,1 = initial absolute temperature, quality, and 
latent heat, respectively, of the expanding steam; 7’, = terminal 
absolute temperature of the expanding steam, deg F; and Cy» = 
average specific heat of water between states 1 and 2, = unity 
approximately for temperature range herein considered, Btu per 
lb per deg. 

V_ Specific volume of dry saturated water vapors between 40 
F and 140 F. 


VI Latent heat of water vapors between 40 F and 140 F. 
Tf, = 134433 =O bb De ence ie ee [6] 


= +0.7 Btu when 7, = (140 + 460) F, and 
+0.2 Btu when 7, = ( 40 + 460) F. 


Error 


VII Rate of change of internal shaft work with change of 
vacuum temperature. 


dW; (where critical pres- _ V,sin8 ) 3600 £,r,F, 
dT, Sure is attained) cos B T,M (sin a)v, 


4, Moin a)06X E +E,) 9.07 @— a aan 
90,200,000 F, rie T,? Xr, a 


dW; (Where critical pres- 


My E,Xr, (1+ £,) 9.07r, 
dT, Sure is not attained) — 7, % hy 


T, T,? 


(e38) 
as 2585) F,, 468.5 
Xr, 14.78 X 105 


M v,V, COS @ 
26 canoe Se A lowe Paral atara b 
(*) (aa X 1.925 X =) “ 


(Formula [7b] is approximate.) 

VIII Mass velocity of steam leaving last row of blades when 
limiting pressure P,, exists at exit face of blade; i.e., when ex- 
haust-chamber vacuum is greater than or equal to the limiting 
vacuum. 


kagP’ xX, 
M/F, (when E, = unity) = 3600 V eagP val ¥oaX a) 
sin @ 
(see formula 45 in Die Dampfturbinen? by Fliigel) ..... [8a] 
10% X 569 
VR TE Nees 
af Py (ss ree 
Xavalin 
oes . [8d] 
9.07 pias “pare T.4(1 —0.55X 4) 
See : X ova 
E,,/X a(kag P'ya/Vy 2 
M/F, = 3600 VIE n/X a)(kag P'sa/ toa)! / a a P'va/%oa)] approximately. [8c] 
a 
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_ Principles Underlying the Rational Solution 


of Automatic-Control Problems 


By SERGEI D. MITEREFF,! PETERSBURG, VA. 


The author presents twelve fundamental equations 
covering the characteristics of automatic regulators. 
It is the author’s belief that six of these equations com- 
pletely cover all present forms of commercial regulators. 
The additional six equations cover modifications and im- 
provements which will permit greatly increased accuracy 
and flexibility of automatic control and will permit a satis- 
factory solution of those control problems which could 
not be handled with complete success by previous types 
of regulators. 


governors in all branches of industry, little has been published 

relative to the fundamental principles of the subject. In the 
absence of data necessary for rational solutions the majority of 
automatic-control problems are solved at present by purely 
empirical methods. 

Because of the variety of automatic-control apparatus on the 
market, it is a difficult task to select the regulator suited exactly 
to the requirements of a given installation. The adjustment of a 
regulator after its selection and installation is a problem in itself, 
inasmuch as the usual cut-and-try method of adjustment is very 
tedious and unreliable. Therefore, the development of a solid 
basis for a rational approach to the problem of automatic con- 
trol is a matter of considerable practical importance. 


ip SPITE of the widespread use of automatic regulators and 


PRINCIPAL Factors oF AN AUTOMATIC-CONTROL 
INSTALLATION 


Any automatic-control installation can be considered as con- 
sisting of two major parts which are, (a) the system to be con- 
trolled, and (6) the automatic-control apparatus added to this 
system in order to produce the desired result. 

The system external to the regulator can be divided into four 
factors common to any control installation, practically without 
exception, these are: (a) storage of a fluid or energy, (b) inflow 
of a fluid or energy to the storage, (c) outflow of a fluid or energy 
from the storage, and (d) a function (temperature, pressure, 
speed, level, etc.) which is indicative of the amount of fluid or 
energy in storage and which it is desired to maintain constant. 

It should be pointed out that either the inflow or the outflow 
of fluid or energy is capable of being varied at will, while the 


1 Jun. A.S.M.E. Mr. Mitereff was born at Pskov, Russia, in 1902. 
He was a member of Pskov Cadet Corps and was educated at the 
Russian Naval Academy, Engineering Division, Vladivostok. In 
1927 he was graduated with honor from Johns Hopkins University, 
receiving a B.S. in mechanical engineering. From the time of his 
graduation from Johns Hopkins until 1933, he was assistant engineer 
in the power and development sections of the Atmospheric Nitrogen 
Corporation, Hopewell, Va. He now resides in Petersburg, Va., and 
is engaged in the preparation of a book on the subject of automatic 
Tegulation. 

Contributed by the Power Division for presentation at the Semi- 
Annual Meeting, Cincinnati, Ohio, June 19 to 21, 1935, of Tar AMERI- 
CAN SocintTy oF MrecHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
American Society oF MrecHANICAL ENGINEERS, 29 West 39th Street, 
New York, N. Y., and will be accepted until July 10, 1935, for publi- 
cation at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


other flow varies under the influence of factors which cannot be 
controlled. 

It is evident, therefore, that an automatic-control problem con- 
sists essentially of equalizing automatically the rate of flow to the 
storage with the rate of flow from the storage, this being the 
necessary condition for maintaining constant both the amount 
of fluid or energy in the storage and the function indicative of the 
amount of fluid or energy in the storage. 

Taking as an example the speed control of a turbine-generator 
unit, the energy-storing capacity of the rotating parts will be 
identified as the storage. The flow of steam to the turbine is the 
inflow of energy which can be controlled, while the electrical 
output of the generator is the outflow of energy varying under 
the influence of the demand which is not under our control. 
The speed of the turbine is, of course, the function which we 
desire to maintain constant and which is indicative of the amount 
of energy stored in the rotating mass. 

Analyzing the example of the temperature control of a gas-fired 
oven, the storage is represented by the heat-storing capacity of 
the oven. The flow of energy under our control is the inflow 
of gas to the oven. The uncontrollable flow of energy is the heat, 
loss from the oven by radiation and heat absorption of the prod- 
uct. The temperature in the oven is the function indicative of 
the amount of heat stored in the oven and which it is desired to 
maintain constant. These examples are typical and could be 
extended considerably. 


PRINCIPAL Parts OF AN AUTOMATIC-CONTROL APPARATUS 


An automatic-control apparatus consists of (a) the impulse- 
receiving element, (b) the final operating element, and (c) the 
operative connection between the impulse-receiving element and 
the final operating element. 

The function of the impulse-receiving element is to produce a 
force or motion proportional to the function to be maintained con- 
stant. Ina pressure regulator, for instance, the impulse-receiving 
element is represented by a diaphragm acted upon by the pres- 
sure transmitted from the tank through a pilot line. In a thermo- 
couple type of temperature regulator, the impulse-receiving 
element consists of the thermocouple and the galvanometer. Ina 
speed governor, the flyball pendulum constitutes the impulse- 
receiving element. 

The function of the final operating element is to modify the 
rate of the controllable flow of fluid or energy. In most cases the 
final operating element is simply a valve or an electrical con- 
tactor. 

The function of the operative connection is, first, to provide 
the desired characteristic of the automatic-control apparatus 
and, second, to generate a sufficient force for actuating the final 
operating element. 


CHARACTERISTIC OF AN AUTOMATIC-CONTROL APPARATUS 


In spite of the fact that the concept of the characteristic of a 
regulator or governor is one of the most important factors enter- 
ing into the general problem of automatic control, it has received 
little attention in literature on the subject. This oversight is 
very surprising, especially in view of many elaborate attempts to 
cover such comparatively insignificant factors as “Jack of sensi- 
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tiveness” and “sticking,” factors which hardly deserve more than 
a passing remark to the effect that they could and should be kept 
down to a required minimum in any properly designed auto- 
matic-control apparatus. 

By the characteristic of an automatic-control apparatus is 
meant the relationship between the primary impulse actuating 
the apparatus and its final effect. The best, since the most 
definite, way of expressing this relationship is by means of a 
mathematical equation. By the primary impulse is meant the 
extent of change of a form of energy derived from the variation 
of the function to be controlled from its value corresponding to 
the normal value of the controlled function. By the final 
effect is meant the extent of actuation of the final operating ele- 
ment of the regulator. It should be pointed out that the mathe- 


An Automatic Levet-ConTROL INSTALLATION WITH 
One Pinot Line 


Fia. 1 


(The following equations express the relationship between the level in the 
fost chamber and the level in the tank.) 


(a) Pi—P = Be = Pi =>P+h a —Pilot line 2 has fluid friction but no 


oF 
inertia 
@) Pi — P ah as Py aeP es = Pilot ine 2 ine eres tard 
1 _ 2 agar P 2 IT? oO e 2) 
friction 
@ ria Pe i as nO Pie Pil mae r+ mit —Pilot ine has both 


fluid friction and aie 


matical equation expressing the characteristic of a control 
apparatus gives the relationship between the primary impulse 
and the final effect both measured at the same moment under 
consideration. 

In the above example of the temperature control in a gas-fired 
oven, the primary impulse takes the form of the value of the 
thermoelectric current (or potential) generated by the thermo- 
couple by which it deviates from its normal value corresponding 
to the normal temperature in the oven. The final effect is repre- 
sented in this case by the distance between the position of the 
valve admitting gas to the oven at the moment under considera- 
tion and the position of the valve at the beginning of operation 
of the regulator when the temperature was held constant at its 
normal value. 


Time Lac In A ContROL INSTALLATION 


One of the greatest practical difficulties encountered in an 
automatic-control installation is the phase displacement be- 
tween different factors commonly known as the time lag. The 
time lag is caused by fluid friction, resistance to heat flow, and 
inertia forces inherent in any physical layout, and the most fre- 
quent factor contributing to the time lag is the fluid friction and 
inertia of the impulse-transmitting means. For instance, in the 
case of a pressure regulator, the friction and inertia of the liquid 
in the pilot line connecting the tank with the regulator distort 
considerably a perfect correspondence between the pressure in 
the tank and the pressure as reaching the regulator. 

Another source of time lag is the inertia and friction of the 
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fluid in the pipe in which the regulating valve is located. For 
instance, in the case of the speed control of a hydraulic turbine 
there exists a phase displacement between the opening of the 
gate and the rate of water flow through it because of inertia of 
water in the penstock. 

It should be pointed out that the aforementioned types of 
time lag are very often unavoidable features of the control in- 
stallation in contradistinction to the time lag frequently en- 
countered in the regulator itself which, as a rule, can be elimi- 
nated by correct design. It will be clear, therefore, that since 
some of the principal causes of the time lag cannot be eliminated, 
means should be found in such cases to counteract the time lag by 
selecting a regulator which has a characteristic suitable for just 
this particular purpose. 


Fie. 2 An Automatic Lrvet-ContTrou INSTALLATION WITH 
Two Pinot Lines 


(The following equations express the relationship between the level in the 
float chamber and the level in the tank.) 


dP d2P ; Fic eee 
(dq) Ppe= P+ hia i ko ar Plot lines 2 and 7 have only fluid friction 
(¢) Pe=P-+ m4 a+ jie sci pe Ee Of the pilot lines 2 and 7 one has 


dT? dT3 
only fiction aoe 1 a eM oe Ade and inertia 


(f) Pe=P+ ne r+ pace Fes ee foo kG —Both pilot lines have fric- 


dT? adTs tion and inertia 


ki, k2, ks, and ks Constants of proportionality depending upon the physi- 
cal dimensions of the system 


In order to pave the way for a rational solution of the problem 
of the time lag, a typical control installation will be analyzed. In 
Figs. 1 and 2 is shown an automatic level-control installation 
where the float (4) is placed in a float chamber connected by a 
pilot line to the tank (1). Equations (a), (6), and (c) in Fig. 1 
express the relationship between the level in the float chamber (3) 
and the level in the tank (1) if only one pilot line is used. Equa- 
tions (d), (e), and (f) in Fig. 2 give the relationship between these 
levels when two pilot lines in series are used. In both of these 
cases the conditions when the pilot line has only fluid friction, 
only inertia, and both friction and inertia are covered by these 
equations. 

The time lag arising from the use of a pilot line is typical of 
any other source of time lag in any other part of controlled sys- 
tem. Therefore, the equations in Figs. 1 and 2 have the virtue 
of universality and they are applicable to any type of automatic- 
control installation, whatsoever, including automatic piloting of 
ships and aircraft. 

It will be clear also that in order to obtain the level in the tank 
from the indication of the level in the float chamber, it is only 
necessary to design an automatic-control apparatus which would 
solve automatically the given equations. It is rather surprising 
that there are at present no commercial automatic controls which 
have the characteristics capable of performing this task. 

The exact mathematical solution of the time lag, caused by 
inertia of fluid in the pipe (6) as affected by the extent of opening 
of the regulating valve (5) and the corresponding rate of flow 


FUELS AND STEAM POWER 


through it, is rather complex. It could be shown, however, that 
if we increase the opening of the valve (5) by the amount equal to 
ine 
ke Ti the rate of flow through the valve (5) will closely corre- 
spond to the change of level in the float box. 
In other words, by designing a regulator which has the char- 


dP 
acteristic F = MP + ke ar we can obtain the relationship 


W = kP, where W = the rate of flow through pipe (6), P = 
the extent of change of the level in the float box, F = the distance 
traversed by the valve (5), ki, kx, and k = constants of adjust- 
ment, and 7’ = time. 

In this way the retarding effect of inertia of the fluid in the pipe 
(6) could be almost completely counteracted. This method of 
counteracting the inertia of fluid in the pipe in which the regulat- 
ing valve is located is applicable equally well in the case of the 
speed governing of a hydraulic turbine, and many other auto- 
matic-control installations. 


CLASSIFICATION OF THE AUTOMATIC-CONTROL APPARATUS 


All automatic-control apparatus now in commercial use, prac- 
tically without exception, can be grouped according to their 
characteristics (expressed by the equations) under only six 
classes: 


EO fe Pal Ma (OC) a. Sea Fe cote ees lee toh vin [1] 

Tet Lae Re Re a Pe Les eno ch cro) eoe a ae oes [2] 

IDL J oi seule 22 2 O10) de 5 dbo oucneonocesennegeD [3] 
dF 

IV F + hoor = kiP mists lesl(eife\ 6 Mike)ielienieirey <\ceual's Jelimleiseiis! adel elvel(ai:s» isire.le, 6.0 (4] 

I fh Mice hf Oe cb helen aes «rene eis oe es tbe [5] 
dF 

VI F+ hsm Be I OG et 1S 2 (0) ee ee (6] 


The following classes of automatic-control apparatus are more 
or less new to the art: 


VII F=hP+hkh gf (7] 
= Ky OT ee ee ke aig 
dP 
Vik Wh = ky f PdT + koP + ks a ob (C8)3 oo caine eee (8] 
d dP 
ID F=hPt+khot 8 oT Pe ees aCe OTE (9] 


dP @P 
xX F=hfPdT + kP + hea ort Baa + (C).---- [10] 


dF dP 
XI kf FdT + F + hea =khfPdT + keP + ks a7: (11) 


aF a2 
XI bf FéT + F + hss +s a = 


2 dP d*P 
ky f PdT + keP + ks ar + ks ar 
where P = the deviation from its normal value of the primary 
impulse actuating the regulator as measured at the moment 
under consideration; F = the final regulating effect of the auto- 
matic-control apparatus as measured at the same moment 
under consideration; 7 = time; and hi, ke, ks, ka, ks, Ke, and k; = 
arbitrary constants of adjustment. 
Only six of the above characteristics may be found in existing 
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commercial regulators. The reader can prove this statement by 
analyzing, in the light of this article, a number of controls with 
which he may be familiar. The statement applies to all regula- 
tors and governors irrespective of either the field of application 
(control of temperature, pressure, speed, combustion, level, etc.) 
or the motive power actuating them (electrical, hydraulic, or 
pneumatic operation). The only limitation in this connection is 
that the controls selected for analysis should be of a continuous 
type, because it is obvious that the characteristic of regulators of 
mere on-and-off type cannot be expressed by a mathematical 
equation. 

The on-and-off type does not include, however, the majority 
of the electric regulators of the contact-making type, since, even 
though their operation may be intermittent, there still exists in 
practically all of these regulators a definite mathematical rela- 
tionship between the variation of the controlled function and 
the actuation of the regulating valve. 

Elementary examples of the automatic-control apparatus of 
the first and twelfth classes only will be given in this paper. 
Space limitations forbid demonstration of all twelve characteris- 
tics. ‘The author, however, has placed on file in the archives of 


77777 ZPy 
1) 


Fic. 3 A Common-Tyrrn PressURE-REGULATING VALVE 


the Society, a complete demonstration of all twelve cases where 
they are available to the more serious students of control prob- 
lems. 

EXxaMPLe or Crass I 


Consider a pressure regulator of the most common type, such 
as illustrated in Fig. 3. This regulator consists of the diaphragm 
(1) moving the regulating valve (2). The pressure to be kept 
constant is transmitted to the regulator through the pilot line 
(6), in which is inserted the needle valve (4). When the pressure 
is held steady at its desired normal value the weight (3) is in 
balance with the force produced by the pressure acting upon the 
diaphragm (1) and, therefore, the valve (2) is at a standstill. 

Let P,; = the normal value of the pressure. It is evident that 
the pressure on the top of the diaphragm (1) is always equal to 
P2, provided the valve (2) is in its normal operating position and 
is neither wide open nor closed tight. Let P: = the pressure 
existing in the line (6) in front of the needle valve (4). By defini- 
tion, the primary impulse actuating the regulator will be equal 
to the difference between the pressure before the needle valve (4) 
and the normal desired pressure always existing in the space 
above the diaphragm (1). 

We may write, therefore, 


It follows from the law of viscous flow through an orifice such 
as the needle valve (4), that the speed of fluid flow through the 
valve (4) is proportional to the pressure difference existing across 
it. It is evident, on the other hand, that the speed of movement 
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of the valve (2) is proportional to the speed of fluid flow through 
the valve (4). 
Therefore, the following relationship holds: 
dF 


ar = ky (Pi a P2) = kyP ot ip aeie wn aleve emia Tele {14] 


4 
where - is the mathematical expression of the speed of move- 


ment of the valve (2) existing at the moment under considera- 
tion, while k; is the arbitrary constant of adjustment depending 
upon the opening of the valve (4). 

By multiplying both sides of Equation [14] by d7’ and integrat- 
ing it we obtain Equation [1] given previously as expressing the 
characteristic of the regulator of Class I 


Fs ke f'Par 4 (0), see (1] 


In this equation the constant of integration depends upon the 
position of the regulating valve at the beginning of operation of 
the regulator. 

The operation of the dashpot (5) is equivalent to the opera- 
tion of the needle valve (4) and either one of them could be 
omitted without changing the characteristic of the regulator. 
If the dashpot is used, the constant of adjustment J will depend 
on the opening of the bypass valve (7). 

It will be seen from the above explanation that the Class I 
regulator is characterized by the fact that the regulator moves 
the regulating valve with a speed proportional at any given 
moment to the extent of deviation of the controlled function 
from its normal desired value as existing at the same moment. 
This means also that the regulating valve continues to move as 
long as this deviation exists. 

In this as well as in all other examples it is assumed that 
the parts of the regulator are so designed and so proportioned 


6 


17 


l, = Ves = wis, 
Ue ___ U) pat Fess 
teed Ts 
m lhe. 


Fia. 11 


that the effect of friction and inertia of the regulator on its opera- 
tion is so small that it can be neglected. 


Exampie oF Crass XII? 


This class of regulator, represented by Fig. 11, is provided with 
———— 

2 A complete demonstration of all twelve classes of regulators has 
been filed by the author in the archives of the Society. This demon- 
stration includes Figs. 4 to 10, inclusive, Equations [16] to [47], 
inclusive, and Equations [50] to [55], inclusive. 


+, 
2S p___V 


REGULATOR Provipep WirH AuToMATIC ADJUSTMENT OF THE 
Pumary ImMpuise 


automatic adjustment of the primary impulse by means of the 


valve (18). 
Without this adjustment the characteristic of this regulator is 
dP d?P 
F =KksfPdT + keP + kio 7 + ku ama t (C). [48] 


This equation is modified by the operation of the valve (18) 
into 


F=ks S (P —knF)dT + ke(P — kuF) 


d(P — kyF) shy d?(P — ky»F) 


t hsp aT dT? 


By combining the like terms and the groups of constants, we 
get Equation [12], expressing the characteristic of Class XII. 


Remarks Concernine Cuasses VII, VIII, IX, X, 
XI, anp XII 


To the best of the author’s knowledge and belief the regulator 
characteristics of Classes VII to XII, inclusive, are new to the 
art. The principal difference between the automatic-control 
apparatus of these new classes and those of the classes widely 

P : ; dP aP. 
used at present is the existence of the terms a and qT? in the 
characteristic equations. These terms are obtained by the use 
of a single dashpot or the series combination of two dashpots. 

The alternate means available for obtaining these terms are: 


1 The Electric Condenser. The use of a condenser for this 
purpose is based on the fact that if we impress a variable potential 
across a condenser connected in series with a very small resis- 
tance, the potential drop across the resistance will be proportional 
to the rate of change of the variable potential. 

2 Electrical Coil Moving Across a Uniform Mag- 
netic Field. The use of a coil for the purpose of 
obtaining the rate of change of a function is based 
on the law that the potential induced in the coil 
is proportional to the speed of movement of the 
coil in respect to the magnetic field. 

3 Orifice. The use of an orifice is a general 
case of the use of the dashpot since the purpose 
of the dashpot is to force the fluid through a re- 
sistance (bypass valve) in a volume proportional 
to the extent of change of the function, thus ob- 
taining pressure drop across the resistance which 
is proportional to the rate of change of the func- 
tion. Strictly speaking the use of a condenser is 
a particular case of the use of an orifice. 

4 Induction Coil. The fact that the drop of 
potential across an induction coil is proportional 
to the rate of change of current passing through it 
is the basis of the use of such a coil for the purpose 
of obtaining the rate of change of a function. 

5 Inertia. The use of inertia is based on the 
principle that the reaction of a mass is propor- 
tional to its acceleration. The precession of a 
gyroscope should also be classed under this heading. 

6 Step-by-Step Differentiation. 

7 Differentiating Calculating Machine. Several of these are 
available, based on the principle of finding the tangent of a curve. 

Theoretically there is no reason why the derivatives of higher 
orders than the second of the controlled function could not be 
added to any of the characteristics covered. In actual practice, 
however, the usefulness of such complicated characteristics is 
limited to very special cases. Therefore, the twelve characteristics 
shown are the practical limit of the development in this respect. 
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SoLuTION OF THE PROBLEM OF AUTOMATIC CONTROL AS A 
WHOLE 


It is beyond the scope of this article to present a detailed 
solution of the problem of automatic control in all its various 
ramifications but there are two basic principles which should be 
particularly emphasized in this connection. 

First, it could be definitely shown that the characteristic of the 
Class II regulator, Equation [2], would be entirely adequate 
in all cases of automatic control, provided there were no time lag 
in any part of the controlled system and provided the regulator 
performs in perfect accordance with this characteristic. More 
generally this means that an automatic-control problem is com- 
pletely solved when the controllable flow of fluid or energy to or 
from the storage is made to vary strictly in phase with and in 
proportion to the change of the amount of fluid or energy in 
storage, or mathematically when W = kP2 (Fig. 2). Under 
these ideal conditions the variation of the controlled function 
could be made as small as desired by the simple expedient of 
increasing the value of the constant of adjustment ky. 

For instance, in the example of the level control shown in 
Fig. 1, the level in the tower (1) could be held as steady as desired 
by simply increasing the ratio of the leverage between the float (4) 
and the valve (5), provided the float is located in the tower to 
eliminate the time lag in transmission of the impulses and pro- 
vided the float and the valve are entirely devoid of inertia and 
friction and also that there is no inertia of the fluid flowing 
through the pipe (6). In actual practice, however, the above 
conditions can be only approximated. Therefore, there exists 
just one optimum value of k; in Equation (2] with the result 
that the attempt to minimize the variation of the controlled 
function by increasing k; beyond its optimum value for this par- 
ticular installation is invariably followed by a rapid periodic oscil- 
lation of the system known as “‘hunting.” 

Second, the current methods for eliminating hunting are 
based on the misconception that a regulator could be stabilized 
by means of a dash pot or a similar retarding device. 

In the discussion of Class IV in the complete paper, filed in 
the archives of the Society, it is shown that the effect of stabilizers 
is equivalent to an artificially created time lag. Since hunting 
is the result of the time lag inherent in the system, the addition 
of an artificial time lag cannot possibly correct the situation. 
The only result attained by the stabilizers is to increase the 
magnitude of fluctuation of the controlled function for a given 
change in the rate of flow of fluid or power to or from the system. 
It is admitted, however, that by retarding the response of the 
regulator, the system may be made apparently more stable from 
the standpoint of hunting. 

The only rational method of combating hunting is by 
counteracting the time lag. It could be stated without going into 
a detailed mathematical proof that the addition of the terms 

2 
= and = to the characteristic of a regulator will counteract the 
time lag. Whether these terms should be used singly or together 
depends entirely upon the type of time lag. It is interesting 
to note that the elimination of hunting by the rational method 
involves advancirig the response of the regulator. 
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Of course, if hunting is the result of the imperfect operation 
of the regulator, due either to its excessive inertia or friction, 
the regulator should be redesigned to make it perform strictly in 
accordance with its characteristic equation. 

There are certain types of regulators, however, in which the 
inertia effect of some essential part cannot be entirely eliminated 
even by a most careful design. For instance, in the spring- 
loaded flyball speed governor the ever-present inertia of the 
flyballs introduces a phase displacement between the change of 
the turbine speed and the corresponding change of the angle of 
inclination of the flyballs. 

From the elementary law of the reaction of a mass to its ac- 
celeration, and for normal small changes in turbine speed 


where P; = the angle of inclination of the flyballs, P = the ex- 
tent of change of the turbine speed, k, = constant of proportional- 
ity depending on the inertia of flyballs, k; = constant of propor- 
tionality depending on the design of the governor in respect to 
the rotative speed of the flyballs. ‘By using an operative con- 
nection between the flyballs and the throttle valve having the 
characteristic 


Since ks and ks are two perfectly arbitrary constants of adjust- 
ment we can make ks = kiks and ke = kiks. 
Substituting these values of ks; and ks into Equation [57] 


@P. 
F=hk (ir, aS ii, “i (1 RIAD coreg Oe [2] 


It will be seen, therefore, that by using characteristic Equation 
[57], the unavoidable retarding effect of the inertia of the flyballs 
can be completely counteracted. Of course, this case is just a 
particular example of the use of new characteristics for counter- 
acting the time lag in the impulse-transmitting (or rather impulse- 
generating) means. 

It could be shown in a similar manner that if a regulator has 
an unavoidable series combination of inertia and a fluid friction, 
as is the case when the flyballs are dampened with a dashpot, 
the retarding effect of such combination can be counteracted by 
using characteristic Equation [9]. If in addition to this retard- 
ing effect existing in the regulator itself there is also a time lag 
in the system external to the regulator, an introduction of the 
derivatives of the higher order than the second in the character- 
istic of the regulator will be necessary if a precise and stable 
regulation is to be achieved under all conditions of operation. 
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Application of the Elastic-Point Theory 
to Piping Stress Calculations 


By S. W. SPIELVOGEL' anv S. KAMEROS,? NEW YORK, N. Y. 


The application of the neutral-point theory to piping 
expansion problems leads to a simplification in their 
solution. A simple transfer formula introduced by the 
authors eliminates what would have been a laborious 
step in the computations and resolves the procedure into 
the determination of two moments of inertia and the 
product of inertia of the pipe line with respect to two 
rectilinear axes through its center of gravity. 


HEORETICAL and experimental research of recent 

years has led to the development of a well-defined 

technique in the design and mathematical analysis of 
pipe lines subjected to expansion. Various authors have simpli- 
fied the tedious labor of calculating the unknown quantities by 
grapho-analytical procedures or through graphs and tables 
which furnish either solutions for the most frequently occurring 
integrals entering into the calculation or direct results for a 
great variety of pipe-line shapes. A further simplification of 
the procedure for calculating the three redundant end reactions 
in fully restrained pipe lines can be obtained by making use of 
the well-known principle of the elastic-point, or so-called “rioid- 
bracket,” theory. The inherent advantage of this method is 
particularly apparent when applied to irregular, unsymmetrical 
pipe lines, the solutions for which lead to unwieldy equations not 
suitable for graphical representation and consequent utilization 
for pipe lines of similar form. Where the shape of the pipe line 
is of such character as to call for individual solution, the elastic- 
point method has the advantage of simplicity, time saving, and 
elimination of sources of error. 

Mention of the possibilities of the application of the elastic- 
point theory to pipe-line stresses has been made before in the 
discussion of technical papers presented to the A.S.M.E., but 
to the author’s knowledge the advantages of the theory have 
never been fully demonstrated. The application of the method 
in its original form offers but little advantage over prevalent 
procedures. The authors have discovered, however, that in 
conjunction with a transfer formula derived herein, it permits 
interpretations which remove some of the obstacles which make 
this subject a specialty for experts. This paper is presented, 
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therefore, in the belief that it will contribute toward opening 
this field to those not fully equipped with the complex knowledge 
of statically indeterminate systems. 

The authors have purposely not repeated in this paper a dis- 
cussion of such subjects as flexibility constant, the effect of 
flattening of curved pipe, and _ stress-multiplication factor. 
These subjects have already been covered in papers of the Society. 
Those who are not conversant with them may have recourse to 
the bibliography at the end of this paper. 

The following discussion leading to the neutral-point theory 
is along the line of reasoning applied to statically indeterminate 
problems and is presented for completeness only. 

A pipe line situated wholly in one plane with its ends fully 
restrained and subjected to temperature changes constitutes a 
statically indeterminate system with three unknown quantities 
at each of the two terminal points. These unknown quantities 
are the horizontal and vertical components of the end reactions 
and two restraining moments, one for each end. To solve this 
problem, there are available 

1 The three fundamental equations of equilibrium; namely, 


The sum of all horizontal forces equals zero..... DX = 
The sum of all vertical forces equals zero....... LY = 
The sum of all moments equals zero..........- =M = 


2 Three more equations, which are obtained by considering 
the distortion in the system caused by the restrictions which 
prevent the free expansion of the pipe. 
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The pipe line shown in Fig. 1 is subjected to temperature 
changes. If the end A were made free and end B were securely 
fixed, the pipe line would become a cantilever which, when 
heated, would lengthen horizontally the amount Az and vertically 
the amount Ay. There would be no angular distortion at the 
free end and the ultimate shape of the line would be similar to 
the original shape, the point A merely being translated to A’. 

If two unit forces are now applied at the free end and in 
directions opposite to the expansions Ar and Ay, part of the 
translatory displacements will be restored and the free end will 
undergo a rotary motion resulting in an angular displacement. 
Inasmuch as no angular displacement exists in the original, 
i.e., the fully restrained system, a counteracting moment must 
be applied at the free end to hold the pipe element at point A 
in its position, which in the case illustrated by Fig. 1 is a vertical 
position. 

Let all translatory motions produced by the unit forces be 
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denoted by 6 and all rotary motions by ¢. Give these symbols 
subscripts such that the first indicates the direction in which the 
displacement takes place and the second the direction of the 
unit action (force or moment) causing that displacement. Thus 
5,, shall denote the horizontal displacement caused by a vertical 
unit force, 5,,, the vertical displacement caused by a unit moment 
at the free end, ¢,,, the angular displacement at the free end 
caused by a unit vertical force, etc. 

If we apply at the free end forces X and Y and a moment M 
which have such intensities as to move point A’, Fig. 1, back to 
A and restore the original position of the tangent at A, it is 
evident that these forces and the moment are identical with the 
actual end reactions. This statement is expressed mathemati- 
cally by Equations [1], in which the sum of all horizontal move- 
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ments produced by X, Y, and M is made equal to the expan- 
sion Az, the sum of all vertical movements made equal to Ay, 
and the sum of all rotations made equal to zero. 


X8,, + Yd,, + Mi,, = At 
X6,, + Yd,, + Mijn = Ay 
DG Gee an ieee ae Mr. = 0 


In Equations [1], Axand Ayareknown. ‘The nine coefficients 
for X, Y, and M represent deflections or rotations of the free 
end of the cantilever due to unit loads or a unit moment and 
can be calculated. Actually only six of these coefficients need 
be computed because, owing to Maxwell’s law of reciprocity, 
oey mm Oy29 52m a Cmzs and ym a C my: 

In solving Equations [1], slide-rule accuracy is insufficient. 
It is no infrequent occurrence that one set of solutions fails to 
satisfy the equations for the only reason that insufficient signi- 
ficant figures had been developed in solving for X, Y, and M. 
Furthermore, the moments at points between the two supports 
are materially affected by slight changes in the values of the 
end reaction. In applying the principle of the elastic center 
we gain the advantage that only two of the six coefficients in 
Equations [1] need be calculated and that X and Y can be found 
directly from equations which contain one unknown only. In 
the following discussion, statements will be made, the proof of 
which will be found in the latter part of this paper. 

Release one of the two supports, say support A, Fig. 2, and 
connect end A rigidly to a bracket leading to the center of gravity 
O of the line. Let point O be temporarily the support of the 
pipe line. Loads upon the system or expansions within the sys- 
tem will cause point O, if it were free, to move in the same di- 
rection and with the same magnitude as point A if it were free 
to move. The translatory forces required to nullify the dis- 
placements at O have the same intensity as the reacting forces 
at A, The final result, therefore, is obtained by transferring to 
point A the reactions found for point O and adding at A the 
moment caused by the offset of O against A. 

A rectangular-coordinate system is now passed through O, 
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for example y-axis vertical, z-axis horizontal. The reactions 
Y, and X; at O are then assumed to act along y and axis 1-1, 
respectively, where axis 1-1 is inclined to the x-axis at an angle 
a. The angle is so selected as to make axis 1-1 conjugated to 
axis y-y. This means that the product of inertia or moment 
of deviation of the pipe line about axes 1-1 and y-y is zero; or, 
in other words, that the sum of each small element of pipe 
multiplied by its coordinates with reference to these axes is 
zero. These axes are not necessarily principal axes. 
Angle a is obtained from 


tania 1/1 ase nace kan seamen 


where /J,,, and I,,, denote, respectively, the product of inertia and 
the moment of inertia of the pipe line for the rectangular system 
of coordinates, that is, with reference to axes x-x and y-y. 

As a result of these assumptions, the displacements 6 and ¢ 
which carry dissimilar subscripts become zero. Thus, 


ony = by. = 0; Ones = Ons = 0; Oven = Cay =0 


and Equations [1] change to 
os le hee ;. « Lol 


Note that a uniform temperature change causes no moment at 
point O. 

Theterms Az; and Ay now denote, respectively, the expansion 
movements of point O in direction of the inclined axis 1-1 and 
in the direction of the vertical axis y-y if O were the end of a 
free cantilever and the terms 61 and 6,, the movements due to 
unit loads acting at O in the direction of these respective axes. 
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Referring to Fig. 3 and denoting the coefficient of expansion 
by c and the temperature change by At, the movements are then 
calculated as follows: 


A'B’ 
AY = OM Ace NI pst (4] 


= l/=lesa+ihsina 
Ay = h- 


When both ends of the pipe line are at the same level , = 0 and 
Az, = lcosa-c: At; and Ay =0 

The divisor 5, is obtained by summing the products of each 
length of pipe element ds and the square of the distance y, from 
the inclined axis 1-1 measured as shown in Fig. 2 and dividing 
the result by EJ, the product of the modulus of elasticity of the 
material and the moment of inertia of the cross-sectional area 
of the pipe. The divisor 4,, is obtained by summing the products 
of each length of pipe element ds and the square of the horizontal 
distance z from y-y and dividing the result by ZI. 
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It is evident, therefore, that 6,, is proportional to the moment 
| of inertia of the pipe line about a vertical axis through the center 
of gravity of the line and that a similar interpretation may be 
given to 6, with the modification, however, that the multipliers 
are the squares of the distances y, from the inclined axis 1-1. 
In both cases the factor of proportionality is 1/HI. Accordingly 


If 1 
6. = Y= 2ds 
w EI aes 


Ii cos? @ 


cos? a ee 
Flat ©. SEI # 


One 


In denoting what may be called the modified moment of inertia 
about axis 1-1. 

An attempt to calculate J: in accordance with the foregoing 
definition would soon reveal that the apparent simplification 
demonstrated by a comparison of Equations [1] and [3] is offset 
by the necessity of establishing analytical equations for each 
branch of pipe line and the tedious labor of integrating in this 
special case, of non-rectangular coordinate axes. The following 
derivation, however, will show that Ju is obtainable directly 
from a simple transfer formula which contains J,,, T,,, and Ty, 
all referring to the original, that is, rectangular system of co- 
ordinates. 

Referring to Fig. 2 


yw = y—artane 
In = S yds = S (y— «x tan a)? ds 
= S yds—2tana Sf cyds + tan? a f 2? ds 


The first integral represents the moment of inertia of the line 
about axis z-z, the second the product of inertia about axes 
z-x and y-y, and the third the moment of inertia about axis 
y-y, so that 


In = 1,,—2tan al,, + tan? al,, aierevatatolster sexs (6] 
T42) I, and I, are all introduced in Equation [6] with positive 


sign. 
Equations [3] can now be written as 


ne EI Aq 
1 Ty cos? a? I 


SuMMARY OF PROCEDURE 


As a result of the foregoing analysis the procedure for cal- 
culating the end reactions may be summarized as follows: 


1 Determine the center of gravity of the pipe line 

2 Calculate moments of inertia J,,, I,,, and product of inertia 
I, of the pipe line about horizontal and vertical axes 
through the center of gravity of the line 

Calculate angle of the conjugated axis from Equation [2] 

Calculate modified moment of inertia Jn from Equation [6] 

Calculate the expansions 

(a) For pipe supports at same level 


oe 


. 


Am = leosa:c: At; Ay = 0 
(b) For pipe supports at different levels 
Am = (lcosa +h sin a)-c: At 
Ay = lL, -c: At 
6 Calculate reactions at center of gravity from Equations [7] 
7 Calculate horizontal and vertical components of Xi 


Horizontal component of X1 = Xi cos a = x 
Vertical component of Xi = Xi sin & 
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8 Add vertical component of X; to Yi obtaining 


Y= ¥Y¥,4+X sine 


9 Transfer X and Y to left support. 
10 Calculate moment at left support due to the offsets of 
center of gravity to left support A 
11 Calculate moments along pipe line and determine the 
maximum. 


ILLUSTRATION OF PROCEDURE 


The method of procedure is illustrated by the solution of an 
example involving a 6-in., 600-lb standard seamless pipe with 


A 
27. s55'_-f- 32.448! 
4 ES Diws 
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a coefficient of expansion, c = 6.14 in. per 100 ft; a moment’ of 
inertia of cross-section, J = 37 in.4; and a modulus of elasticity, 
E = 25.5 X 10% lb per sq in. The steam temperature is given 
as 750 F, and the room temperature as 60 F. The pipe supports 
are on different levels as shown in Fig. 4. 

1 Center of gravity of pipe line 


27.555 ft from left end; 14.555 ft from bottom 


2 Moment of inertia about axis 7—z 
18% 
T,, = (12 X 2.5557) + Py + (18 X 6.4452) | + (20 X 15.4457) 


i | + (30 X ost | + (28 X 14.5552) = 14,270.667 
12 


Moment of inertia about axis y—y 
123 
f= E + (12 X 21.586 + (18 X 15.5557) 
208 
+ E + (20 X 5566 + (30 X 4.445?) 


283 
+ E + (28 X 18.4655 | = 23,306.667 


Product of inertia 
Ly = (12 K —2.555 X —21.555) + (18 X 6.445 X —15.555) 


+ (20 X 15.445 X —5.555) + (80 X 0.445 X 4,445) 
+ (28 % —14.555 X 18.445) = —10,317.333 


3 Angle of conjugated axis 


— 17.333 
tan a = bs eaten celica PITT 
I, 23,306.667 
a = —23 deg, 52 min, 30 sec. 


4 Moment of inertia about conjugated axis 


In = I,,—2 tan al,, + tan? aly, 
14,270.667 — 9123.903 + 4565.776 = 9703.54 


ll 
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5 Projected length of pipe line and expansions 


lcosa +h sina 
= 54.87 + 4.856 = 59.726 ft 


25.5 X 10° X37 _ 6.14 __ 59.726 
4 = 2,002,390 
eae 144 19) (omad ao 
25.5 X10°X37_ 614_ 12 
= = 402,315 
aes 144 A ie ei00 
Fe se eee = 946.75 Ib 
cos? a Iy 0.8863 X 9703.54 
y, Se he eee = 17.26 1b 
ik 23,306.667 


vy 


X = Xi cosa = 246.75 X 0.9145 = 225.65 lb 


Y = ¥,4+ Xsin a = 17.26 + (246.75 X 0.4047) 
=e a2 1b 
9,10, and 11 Bending moments 
at A (225.65 X 2.555) + (117.12 X 27.555) = +3804 ft-lb 
B (225.65 X 2.555) + (117.12 X 15.555) = +2397 ft-lb 


C (—225.65 X 15.445) + (117.12 X 15.555) = —1663 ft-lb 
D (—225.65 X 15.445) + (—117.12 x 4.445) = —4006 ft-lb 
E (225.65 & 14.555) + (—117.12 x 4.445) = +2764 ft-lb 
F (225.65 X 14.555) + (—117.12 X 32.445) = — 516 ft-lb 


DERIVATION OF EQUATIONS 


Tt has been stated that Fquations [1] change into Equations 
(3] if the support is transferred to the center of gravity O of 
the pipe line and the reactions assumed to act along a vertical 
axis y-y and its conjugated axis 1-1. This means that all 
coefficients carrying dissimilar subscripts in Equations [1] 
become zero. The proof of this follows: 

If m; and m, denote the moments produced by loads of 1 pound 
acting, respectively, along axes 1-1 and y-y, and 6,,, is the 
horizontal movement and 6,,, the vertical movement of point 
O produced by a unit moment at O, then from the theory of 
elasticity 


1 
bm = ir TAIN A8s nce ee TORE [8] 
1 
and Oa = EI m,™ 8 5 Rn cn ee [9] 


From Fig. 5 it is evident that m, = 1 lb y: cos a, and m, =1 
lb « also m = 1 ft-lb (if x and y are in feet). 

Hence, substituting these values in Equations [8] and [9] the 
following are obtained: 


COS @ Hae 1 
bm = EI yi ds; bym = rai xds 

The products under the integral represent the statical moments 
of the pipe line about the two axes. Inasmuch as these axes 
have been selected to pass through the center of gravity, the 
statical moments are zero. Therefore, the expressions 6,,, and 
5ym are both zero for these conditions. Since, by the law of 
reciprocity of deflections and angular.changes 6,,, = ¢,,, and bum = 
Smy the terms £,,, and £,,, are both also zero for the conditions 
selected. 


Taking now the terms 6,, and 6,, and referring to Fig. 5, from 
the theory of elasticity, 


1 cos 
’ Cay = Syn ar m, m, ds = fa as....(00 


The term under the integral represents the product of inertia 
of the pipe line with respect to the two selected axes, By choosing 
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axis 1-1 to be a conjugated axis of y-y the product of inertia 
may be made zero and therefore both 6,, and 6,, made zero. 
Referring to Fig. 5 it is seen that y. = y = xtan a. Therefore, 
from Equation [10], 


by = a fou + x* tan a)ds = 0 


Say ds _ _ dey 
Szds I 


The last derived equation is Equation [2]. From the above 
it will be seen therefore that by selecting the two axes as indicated 
Equations [1] are transformed into Equations [3]. 

Returning again to Tig. 5 it is seen that 


1 1 

jy = EI m, m, ds = EI 

The term under the integral is the moment of inertia of the 
pipe line with respect to the y—y axis. Therefore, 


y= Ay _ Eldy _ Ely 
ay byy a JS x'ds Ty 


From which tan a = = 
vy 


x? ds 


as given in Equations [7] 


also 


1 1 
én = Bf mamas = df noose: Y1 cos a ds 
cos? a 
se 2, ds 
EI fo 1 


The term under the integral is the moment of inertia of the 
pipe line with respect to axis 1-1. Therefore, 
Ax, EI Ax EI Az, 
du ——scos? afyids  costaly 
The authors have prepared a number of additional problems of 
typical pipe lines containing quarter bends or sloping branches. 


Their solutions as well as the appendix are available upon request 
either to the authors or to the society headquarters. 


as given in Equations [7] 
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The Loading and Friction Sfilhrust and 
Journal Bearings With Perfect 
Lubrication 


By H. A. S. HOWARTH,! PHILADELPHIA, PA. 


The author brings together here for the first time im- 
portant formulas and charts that have been offered by 
bearing analysts in this field during the past fifteen or 
twenty years. Some new material is added for complete- 
ness, and some references made to earlier fundamental 
work. Descriptive matter that accompanied the original 
publication of the charts and formulas has been elimi- 
nated as far as practicable. Improved charts derivable 
from earlier ones, and the rearrangement of others will, 
it is hoped, prove more useful to the designing engineer 
than the original publications. The net result is a concise 
summary of valuable information. 

In order that the reader at the beginning may have a 
fair idea of what is to be found and where in this paper, 
an explanation of the contents follows: 

The first section dealing with journal bearings begins 
with a concise illustrated description of their several kinds. 
The side-leakage chart is then explained because from 
its curves are obtained the correction factors that are 
necessary for the proper application of the subsequent 
material to the solving of journal-bearing problems. 

Optimum conditions for journal bearings of three 
classes are shown by charts, tables, and formulas. The 
titles, captions, and notes on these pages are intended to 
be sufficient explanation. 

General conditions for journal bearings of several classes 
are next shown by a series of charts which are accompanied 
by the necessary textual explanation. 


JOURNAL BEARINGS 


OR THE purpose of analytical study, journal bearings 
F may be separated into several groups that approximate 
the forms that are used or should be used. The broadest 
divisions are (a) clearance bearings, and (6) fitted bearings. 
Clearance bearings are those in which the bearing has a larger 
radius of curvature than the journal. The angular extent 8 
to which the useful bearing surface surrounds the journal de- 
termines whether the bearing is full or partial. The full bearing 
completely surrounds the journal and 6 = 360 deg. Partial 
bearings are usually less than 180 deg and probably average 


1 Vice-President and General Manager, Kingsbury Machine Works, 
Philadelphia, Pa. Mem. A.S.M.E. H. A. Stevens Howarth was 
graduated from Yale University in 1899 with honors in mechanical 
engineering. Several years of practical experience with steel mills 
and manufacturing were followed by teaching of mechanical engi- 
neering subjects at Lehigh University and Carnegie Institute of Tech- 
nology. In 1914 Mr. Howarth became associated with Albert Kings- 
bury, in his thrust-bearing business, and in 1917 became general 
manager and chief engineer. He continued in the same position and 
business with the Kingsbury Machine Works, formed by Dr. Kingsbury 
in 1921 and incorporated in 1925. In 1928 he became vice-president 
and general manager. The present paper is the second of a group 
planned to simplify for designers the various analytical studies of 
bearings published by Albert Kingsbury, and other members of his 
organization, including the author. The first paper of this group 
was published in the A.S.M.E. Trans., vol. 56, 1934, paper MSP-56-2, 
p. 891. 


Thrust-bearing loading and friction data follow the 
charts for general conditions for journal bearings. They 
refer only to Kingsbury thrust bearings, which are made 
with freely pivoted shoes supporting a thrust collar having 
an unbroken flat surface. Data are given only for a single 
set of such surfaces having six pivoted shoes. 

The appendixes, of which there are five, contain de- 
scriptive matter, the reading of which will help the reader 
in understanding the first section of the paper. Appendix 
A contains the symbols and their explanation. Appendix 
B gives a number of examples together with their solu- 
tions, which explain applications of the charts. These 
are by no means exhaustive. Appendix C discusses viscous 
flow in general, the viscosity coefficient, the relation be- 
tween viscosity and friction, and gives useful formulas for 
several kinds of viscous flow useful to those dealing with 
bearing problems. Conversion factors are given for several 
units of absolute viscosity. The symbols for these 
formulas differ in some respects from those in Appendix 
A. Appendix D contains an explanation of perfect lubri- 
cation as it occurs in bearings, and covers such headings 
as tapered oil film, side leakage, film thickness, viscosity 
change within film, the flat-wedge film, the curved-wedge 
film, optimum conditions, deviations from optimum. 
This is a valuable introduction to the charts in the body 
of this paper. Appendix E is a bibliography of the tech- 
nical literature referred to in or forming parts of the 
paper. 


about 120 deg. Characteristics of partial bearings are given 
in the charts for a wide range of useful angles 8. 

Fitted bearings are those in which the journal and bearing 
have the same radius of curvature. Such a bearing must have 
an angular extent @ less than 180 deg and preferably much less. 
The characteristics of such bearings are given only up to B = 
150 deg. 

The direction in which the load of the journal is applied to 
the bearing, with relation to the angular limits of the bearing 
surface, is of considerable importance to the analytical study. 
This leads to a division of partial bearings into (a), centrally 
loaded and, (b) eccentrically loaded. That there may be different 
degrees of load eccentricity of the latter is seen by comparing 
Classes A with D, and B with Z, given in the journal-bearing 
classification which follows. 

Centrally loaded bearings have their angular extent 8 divided 
into two equal parts by the line of action of the applied load. 
In such bearings the leading angle a equals 8/2. 


Contributed by the Machine Shop Practice Division for presenta- 
tion at the Semi-Annual Meeting, Cincinnati, Ohio, June 19 to 21, 
1935, of Tae Amprican Society or MsecHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y. and will be accepted 
until July 10, 1935, for publication at a later date. 

Norse: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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Eccentrically loaded bearings have their angular extent 6 
divided into two unequal parts by the line of action of the applied 
load. The leading angle a is that portion of the angular extent 
8 passed over by a point on the journal as it rotates from the 
edge of the bearing to a position directly under the load. The 
ratio of a/8 may vary considerably when bearings are in service, 
because designers do not always need to trouble themselves to 
analyze individual bearings. There are, however, some ratios 
that are better than others. 


JoURNAL-BEARING CLASSIFICATION 


The bearings whose optimum and general characteristics 
are given in the accompanying charts and tables may be divided 
into Classes A to F. The sources of data available for each class 
are given. 

Class A. In Class A are found the special series of eccentrically 
loaded partial bearings with running clearance that Dr. Kings- 
bury found to be best. In this class the values of a/8 vary 


not only for various values of 6 but they are different for the two 
optimum conditions studied by him. In all cases, however, 
the a/8 ratio is appreciably greater than 6/2. 

Optimum conditions for this class are given for bearing angles 
@ varying from 0 to 360 deg, in the figures, charts, and Tables 
A, A-1, A-2, A-3, and A-4. The letter A is used in every case 
to identify the class. This must not be confused with the symbol 
A. The data are reproduced from the work of Dr. Kingsbury 
(5).? 

Class B. In Class B are found the special series of eccentrically 
loaded fitted partial bearings that Dr. Kingsbury found to be 
best. The values of the ratio a/8 vary not only for various 
values of 8 but they are also different for the two sets of optimum 
conditions studied by him. In all cases the a/6 ratio is appre- 
ciably greater than 8/2. 

Optimum conditions for this class are given for bearing angles 

2 Numbers in parentheses refer to Bibliography at the end of the 
paper. 
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6 varying from 0 to 150 deg in figures, charts, and Tables B, 
B-1, B-2, B-3, and B-4. The data are reproduced from the 
work of Dr. Kingsbury (5). 


Class C. In Class C are found partial bearings of the centrally 
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loaded clearance series whose characteristics were studied by 
Dr. Kingsbury and by the author. The nominal values of 
a/B always equal 6/2. 

Optimum conditions for this class are given for bearing angles 
8 varying from 0 to 180 deg, in figures, charts, and Tables C, 
C-1, C-2, C-3, and C-4. The data are reproduced from the 
work of Dr. Kingsbury (5). 

General conditions for this class are given in Chart C-5, which 
has been prepared by the author from his earlier work (7) and 
made more usable. 

Class D. In Class D are found the special series of offset 
(eccentrically loaded) partial bearings with running clearance 
whose characteristics were presented by the author in his graphi- 
cal analysis (7). This series differs a little from Class A. 

General conditions for this class are given in Charts D-1 and 
D-2 for bearing angles 8 varying from 60 to 180 deg. Chart 
D-2 is more usable than the original previously published (7). 

Class H. In Class E are found the special series of eccentrically 
loaded fitted partial bearings that the author described in his 
earlier work (7). The values of a/8 vary for different bearing 
angles 8. This series differs a little from Class B. 

General conditions for this class are given for bearing angles 
8 varying from 60 to 120 deg, in Chart E-1. This chart is re- 
produced in improved form from earlier work of the author (7). 
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On this chart are also shown by dotted lines some of the optimum 
conditions determined by Dr. Kingsbury. It should be noted 
here that for a fitted bearing the general conditions and the 
optimum conditions are the same for a given bearing or series 
when considered from the same point of view. This is true 
because there is no running clearance to introduce the question 
of eccentricity. 

Classes ACD. The designation, Class ACD, has been used for 
a study made by the author of all classes for a single bearing 
of angular extent 6 = 120 deg and having running clearance (8). 

General conditions as to capacity only (no friction data are 
given) are shown in Chart ACD-120. An immense amount of 
data on the 120-deg-clearance bearing are given on this chart, 
which is presented in improved form. 

Class F. The designation, Class Ff, has been applied to full 
bearings, which must of course have running clearance. Such 
a bearing is a limit for the angle 8 to approach as will be seen 
by examining the optimum charts and tables given by Dr. Kings- 
bury for Class A. Hence, those charts and tables for values of 
8 = 360 deg should be looked upon as optimum for the full 
bearing, especially if there be one common groove for oil supply 
and discharge located at the limits of the film. 
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General conditions for the full bearing are given in Chart F-1 
in an approximate manner only because no one has yet been 
able to produce a continuous film in such a bearing, with all 
pressures positive. In Chart F-1, therefore, the load-carrying 
portion of the film is assumed to be 180-deg long and to have 
the load-carrying characteristics of a 180-deg offset partial bear- 
ing of Class D. For friction, however, the film is assumed to be 
that of a perfect full bearing. This is an approximation and is 
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total-friction curve and the right-hand vertical scale. To allow for side 
leakage multiply by #1 taken from Chart KX for B = 180 deg.) 
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probably near enough to the correct value, for estimating pur- 
poses. 


Correction Factors For S1ipE LEAKAGE 


Correction factors for the influence of side leakage upon load 
capacity and upon friction are obtainable from Chart KX. 
These are reproduced from Plate X in Dr. Kingsbury’s paper (5). 

These factors apply to optimum film proportions as deter- 
mined by Dr. Kingsbury but they will be reasonably dependable 
when applied to film forms not far different from optimum. 
Even when applied to abnormal conditions they tend to bring 
the results toward the correct values, and are usually on the 
safe side. 

If the influence of side leakage upon capacity and upon friction 
were neglected in the solving of bearing problems, the information 
obtainable from Dr. Kingsbury’s optimum-loading and friction 
charts and from the author’s general charts would not agree 
well with actual conditions determined by reliable tests. 
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(Side-leakage factors obtained by comparing the actual capacities for various 
values of //b with the capacity at infinite width whence = 0.4904.) 


The use of the correction factors is explained by Dr. Kings- 
bury (5) as follows. ‘In the dynamical tables and curves” (see 
charts and tables for Classes A, B, and C) “the numerical coeffi- 
cients are for the infinitely wide conditions (under which the 
side-leakage influence is negligible). Thus, for correction for 
bearings of finite width and given length/width ratio, these 
(numerical) coefficients are to be multiplied by the proper 
correction factor (from Chart KX) as below.” If the symbol 
group in the dynamical table or chart contains the symbol or 
set of symbols tabulated in Table K, the corresponding numerical 
value of the group, in the dynamical table or chart, must be 
multiplied by the corresponding correction factor in Table K. 
The numerical value of the correction factor must be found from 
Chart KX by applying thereto the actual developed proportions 
of the useful film of the bearing being studied. See examples in 
Appendix B. 

The side-leakage effect upon a 120-deg bearing of Class C 
was given special study by S. J. Needs (15) following a suggestion 


by Dr. Kingsbury (5) that the optimum film form of a narrow 
bearing would be different from that of a wide one. Needs 
found this to be true for the 120-deg Class-C bearing. He also 
found that negative pressures occur near the trailing end of a 
narrow 120-deg bearing earlier than would be expected if side 
leakage were negligible, thereby making them equivalent to 
eccentrically loaded bearings of angular extent less than 120 deg. 

A study of these results since made by Needs has yielded a 
special chart, Fig. 1 herein, that may be used for obtaining cor- 
rection factors and also optimum eccentricities for this 120-deg 
Class-C bearing, that may be used with the charts and tables 
of optimum and general conditions herein for the solution of 
bearing problems, particularly those with length/width ratios 
greater than 1.5. 

Thus we now have two charts from which the correction 
factors of Table K may be obtained. Those in Chart KX are 
on the safe side and applicable to all optimum bearings. Those 
in Fig. 1 all apply directly to the 120-deg centrally loaded clear- 
ance bearing, and they also indicate that the capacities of 
narrow clearance bearings in general do not fall off as rapidly 
by becoming narrower, as Chart KX would indicate, if the 
eccentricities are allowed to increase in the manner indicated by 
Fig. 1. 


Tue LOADING AND FRICTION OF JOURNAL BEARINGS 


The charts here presented give the optimum and general 
characteristics of several useful forms of journal bearings that 
are described under “Journal-Bearing Classification.” The 
headings and captions and notes on each set of charts are as 
complete as believed necessary to facilitate their use after the 
reading of the introductory pages of this paper. 

The viscosity coefficient » is assumed to have a constant mean 
value throughout the film. Although this is not in accordance 
with the facts, it is found to be satisfactory for the solution of 
bearing problems and has been so stated by several investigators, 
including Boswall and Kingsbury. 

The charts and tables of bearing characteristics were all 
prepared under the assumption that the bearings were finite 
parts of infinitely wide ones and that, therefore, the flow of oil 
in the film was only in the planes of the direction of rotation. 
Therefore, the charted and tabulated data represent upper limits 
of load that a bearing film may carry, and the corresponding 
friction. Therefore, the correction factors must be applied to 
the ideal values to bring them in line with the actual capacities 
of bearings of finite width for which side leakage becomes more 
and more important as the length-width ratio increases. 

Although Dr. Kingsbury’s optimum conditions for Classes 
A, B, and C show ideal relations of viscosities, clearances, eccen- 
tricities, loads, and load directions, the designer may want to 
know how far wrong he is in some particular design that deviates 
from those optima. In one important case, Class C, the journal 
bearings examined by the author for general conditions are 
identical with those whose optima were found by Dr. Kingsbury. 
It was therefore possible to add a series of points to the general 
conditions, Chart C-5, to show the relation thereto of Dr. Kings- 
bury’s optima. Three dotted curves are drawn marked by 
symbol groups preceded by the letters C, ¥,O. These letters 
mean Class-C friction optima. For a complete discussion of this 
comparison see Appendix D on perfect lubrication in the sections 
on optima and deviations from optima. 

Chart ACD-120 yields so much loading information about all 
classes of 120-deg clearance bearings that it may be used for 
studying the influences upon running position, of various changes 
in design proportions such as the a/8 ratio and the clearance 
ratio n/a. Side-leakage-correction factors may be applied to 
this chart as in Example 4, Appendix B, but only for Z; as in 
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| po = why. The farther one departs from good film proportions 
the less reliable will be the Z; factor taken from Chart KX. In 
such cases Fig. 1 should be kept in mind. 

Chart ACD-120 also gives the angular location @: of the maxi- 
mum oil pressure in the film. 

The optima of Dr. Kingsbury for this bearing appear only as 
four points. Those for the Class-A bearing are marked ALO and 
AFO, for maximum-load and minimum-friction coefficient, 
respectively. For Class-C bearings they are marked CLO and, 
CFO. These afford the user a way to tell how nearly optimum 
are his actual conditions. 

When operating conditions are such that the Chart ACD-120 
shows negative pressure is likely to appear at the trailing end of 
the bearing it is best to study such bearings as if they were of 
the eccentrically loaded Class A, or of the offset Class D, in either 
case with a leading angle of a = 60 deg, letting the trailing angle 
(8 — a) be determined by the class used. See Example 5 in 
Appendix B. 

In Chart F-1 for full bearings they are treated as half bearings 
so far as carrying capacity is concerned, but as full bearings so 


TABLE 1 Cet es NG eee FOR FREELY PIVOTED 


(Viscosity coefficient = 3.4 X 10-* Reyn, lb-see per sq in.) 


SURFACE SPEED, FEET PER SECOND, = Yi2 
10 20 40 | 60 60 | 100 | iz0 | 140 


1440 | 1590 | 17/0 | 18/0 | 1890 | 1960 
.00047 |.0006/ |.00079 |.00092 |.00/02 |.001/2 |.00//9 .00/26 | 
eel 5750 |6850 | 7550 | 8/50 | 8600 | 9000 | 9350 
.00079 |.00/03 |.00/19 |.00/32 |.00/45 |.00/55 _|.00/63 
12,000 | 14,300 |17,000 |18,750 |20,200 |2/,400 22,400 [23,200 
.0007/ |.00092 |.001/9 |.00/38 |.00/54 |.00/66 |.00/80 |.00/92 
23,000 | 27,400 | 32,500 | 36,000 |38,600 | 40,900 | 42,800 |44,500 
00079 |.00102 .00133 |.00/55 |.00172_|.00/88 | .0020_|.002/5 
38,000 | 45,200 | 53,500 | 59,500 |64,000 |67, 500 |70,700 | 73,500 
.00145 |.00/68 |.00/86 |.00205|.0022 |.00235 
57,200 |68,000 | 8/,000 Ere 102,000 [106,500 | 111,000 


100092|.00119 |.00/55 |.00180 | .0020 |.0022 |.00235 |.0025 
68,000 | 81,000 [Sar 114, 500|126,500| /36,000 | /4.4,000|/50,000 |/56,000 


00098 |.00/27 |.00/63 |.00190 |.002/ _|.0023 |.0025 |. 
109,000 [130,000 |155,000|/71,000 |/84,000|/94,000|203,000] 211, 000 
|.00103 1.00/33 |.00172 | .0020 |.0022 |.00245|.0026 |. 

142,000 |168,000| 201,000 “aoe 203). 252,000 |264,000|274,000 


00108 |.00/38 |.00/80 |.002/ |.0023 |.00255 | .0027_|.0029 
304,00032/,000|336,000 Poe 
0 


/. 
15,000 |256,000) 283,0 
.00265|.0028 |.003 


-0010% 
181,000 |2 
00112 |.00/45 |.00188 |.0022 |.0024 


FOR AVERAGE PROPORTIONS OF THRUST BEARINGS, d=3b. 
FOR ANY RATIO OF bTOd, IF l= b THE BEARING AREA 
WILL TOTAL 6*1? FOR SIX SHOES, AND THE TOTAL CAPACITY 
WILL BE THAT IN THE TABLE TIMES THE NUMBER OF SHOES 


é 
s U_ TON 
12° 12x60 


TO FIND THE FEET PER SECOND FROM THE R.PM 
TABLE IS BASED ON ASSUMPTION THAT 1= b. 

2 ACTOR © FOR OTHER PROPORTIONS MULTIPLY THE TABULAR 
}o.50f 1.557 | LOAD BY THE CORRECTION FACTOR IN TABLE AT LEFT 
[0.67 | 
[y.00 | 7.000 | 
fisf SousnEOgao =. oI 


[2.00 [0.423 | 


4 TABLE IS BASED ON DATA GIVEN IN BULLETINS ON KINGSBURY 
BEARINGS PUBLISHED BY KINGSBURY MACHINE WORKS NC, PHILA. PA 
THE UPPER VALUE IS THE CAPACITY AND THE LOWER ONE /S THE 
MINIIIUM FILM THICKNESS~h, 
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FRICTION CORRECTION FACTOR K 
FOR FLAT BEARING FACES. 


far as friction is concerned, the running position of the journal 
for the latter being established by applying the first assumption. 
The load-capacity curve of Chart F-1 was taken from Chart D-2 
for the 6 = 180-deg offset series because the pressure film is 
not apt to be greater than 180 deg in extent. Experiments by 
Stanton (16), Bradford (17), and McKee (18) might lead one to 
expect shorter films than 180 deg for some conditions. Hence, 
if a 6 value of 100 deg is to be expected, the charts and tables for 
Class D may be used to estimate the capacityand the eccentricity. 
Then Chart F-1 can be entered with that eccentricity, and the 
approximate total friction and horsepower loss estimated. Care 
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must be exercised not to use the friction-coefficient curve on 
Chart F-1 with any other line than the load-capacity line on 
Chart F-1. See Example 7 in Appendix B for application of 
side-leakage-correction factors to full-bearing problems. 

The data available from the charts and tables of this paper, 
and the problems solved in examples of Appendix B depend 
entirely upon absolute-viscosity coefficients. No ready means 
are offered herein for converting absolute into commercial vis- 
cosities or vice versa. For such conversions the reader is referred 
to a recent paper by the author (20) entitled “Current Practice 
TABLE 2 CAPACITY, POWER LOSS, AND COEFFICIENT OF 

FRICTION—KINGSBURY THRUST BEARINGS 
(6 shoes, 51-deg subtended angle, viscosity = 3.4 X 10-§ Reyn) 


1350 LB,/SQ.IN. PRESSURE, SHOE SPEED | ccormor 
OUTER DIA. BORE = /2 OF SUTSIVE DIA. SPEED FACTOR FRICTION 
OF BEARING) Capacity prea tostae (Rem) ee AT 350 LB/SQ.IN. 
POUNDS AT 100 RPM. LOSS Ss 
4,380 [ 0128 50 | .354 00069 
6,300 -0220 60 | .465 | 00076 | 
8,600 -0350 g0 | -7/6 00088 
11,200 0522 100 | 1.00 00098 | 
14,200 -0744 120 1.32 -OO/ 
19,300 118 160 2.02 -O0/2 
25,200 [ JT6 200 | 2.63 cf .00/4 | 
39,500 344 | 250 | 3.95 00/6 
50,800 | -50l 300 | 520 _0017 
77,300 944 | 400 | 8.00 I .0020 
109,500 | 1.59 500 | 1.2 _ -0022 
147,500 2.49 | 600 | 47 | .0024 
191.000 3.66 730 | 22.6 0028 
240,000 | 5.17 | 7000 | 3.6 | .003/ 
355,000 9.30 i250 | 44.2 0035 ; 
493,000 { 15.2 i500 | 58./ .0038 
652,000 23.2 2000 | 89.4 | .0044 
935,000 | 39.7 3000 | 164 0054 _| 


in Pressures, Speeds, Clearances, and Lubrication of Oil-Film 
Bearings,” Trans. A.S.M.E., Vol. 56, 1934, paper MSP-56-2, 
p. 891. 


Tur LOADING AND Friction or Kinespury Torust BEARINGS 


Although loading tables for thrust bearings have been pub- 
lished in bulletins issued by Dr. Kingsbury describing their 
design and construction, this paper will deal more with their 
theoretical aspects, and will include the data on their friction 
losses. See Appendixes C and D for a discussion of the funda- 
mental ideas involved. 

Loading of Thrust Bearings. It is found from the study of 
film forms that a certain one may be looked upon as productive 
of the least friction, and that the minimum film thickness is a 
proper criterion for bearing safety. Because of the difficulty 
involved in measuring film thicknesses, very little of this has 
been done. That little, however, has indicated that the mathe- 
matical theory is practically correct. It is reasonable, therefore, 
to build up a basic loading table and to mark upon it the mini- 
mum film thicknesses that are to be expected under the condi- 
tions set forth. Table 1 is based on the experience and practice 
of Dr. Albert Kingsbury, inventor of the pivoted-shoe thrust 
bearing, and is supplemented by data derived by means of the 
mathematical theory of lubrication. 

Table 1 is for average thrust bearings used for steam turbines, 
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centrifugal pumps, ordinary industrial machinery, marine pro- 
pulsion, and hydroelectric units, where the oil is not heavy. 
At operating temperature the viscosity coefficient of the lubricant 
is assumed to be about 0.23 poise. This is equivalent to 23 
centipoises or 3.4 X 10~* Reyn. The commercial viscosity 
equivalents (when the basic specific gravity = 0.875) are 125 
sec Saybolt universal, 110 sec Redwood No. 1, and number 3.7 
Engler. 

The decimal values, below the capacity figures, are the corre- 


sponding approximate estimated minimum film thicknesses, on — 


the median line of the shoe at the trailing edge, when the pre- 
viously described oil is used. The viscosity given is assumed to 
be the mean value within the film. The bath viscosity or supply 
viscosity must be higher by an amount which may he estimated 
approximately. 

The load-correction factors for various shoe-face proportions, 
are based on a study of side leakage which is discussed in Ap- 
pendix D. 

Friction in Thrust Bearings. In a letter to the editor of 
Mechanical Engineering, April, 1927, the author presented a 
formula for the friction coefficient for a perfectly lubricated 
surface moving upon tiltable rectangular shoes, with straight- 
line motion. This is approximately the condition under which 
the Kingsbury thrust bearing operates, and is deducible from 
the equations of Osborne Reynolds. The symbols for this 
formula which follows are defined in Appendix A, the notations 
differing somewhat from the original. 


Fb pU 
A= —— LSL KL — 
k (2) 


The factor k is so applied as to yield a coefficient of friction 
that takes side leakage of oil into account. The relation of this 
factor to the length/width ratio of the bearing shoe faces is given 
in the curvein Table 1. This curve is based upon data published 
by Michell (9). When there is no side leakage k = 1. See also 
the discussion “Side Leakage Reduces Capacity” in Appendix D, 
and the Kingsbury Chart KX in the text of this paper and com- 
pare curve for F,/Zy. 

Power Losses in Thrust Bearings. "able 2 gives the relations 
between capacity, speed, and friction, for Kingsbury thrust 
bearings of various sizes, when the mean viscosity of the oil in 
the bearing films is 3.4 X 10-® Reyn. The 1/b ratio of the shoes 
for these tables is 4/3 and the outer diameter of the bearing is 
4/3 times the mean diameter. For such a bearing the net area 
of the segments in square inches, there being six, is one-half the 
square of the outer diameter in inches. The friction coefficients 
and power losses are calculated upon the assumption that the 
correction factor for side leakage isk = 1.6. By a study of the 
formula for \ one may readily make corrections for other condi- 
tions than for those assumed. 


Appendix A 


An effort has been made to standardize the symbols used in the 
text of this paper so that a given character will have the same 
meaning throughout for journal bearings and a corresponding 
meaning for other bearings. The symbols used are in most 
cases those appearing in Dr. Kingsbury’s paper (5). When 
comparing the present work with original source material care 
must be used to avoid confusion of symbols. 


’ 
NOMENCLATURE 


a = radius of the journal? 


+ Exceptions occur in Appendix C on “Viscous Flow” for which 
the symbols are described by the figures and at end of that section. 


A 


Py 


ho 


ll 
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least angle from line of centers to leading edge of partial 
bearing, measured in direction of rotation. See ex- 
ception in study of fitted bearings, Fig. B 

width of bearing surface; measured along the shaft 
axis in a journal bearing, or in general at right angles 
to direction of motion 

eccentricity factor. When multiplied by the radial 
clearance 7 the product cn equals the distance from the 
center of the bearing to the center of the journal 

the total tangential friction force per unit width of the 
moving surface, at the surface of the journal, or at 
mean diameter of a thrust bearing! 

correction factor for friction, with side leakage 

film thickness at any angular position @ in journal 
bearings, or any distance x for flat tapered films. For 
fitted journal bearings h = e sin 6. For clearance 
journal bearings h = (1 + c cos 6) 

minimum thickness of the oil film in a bearing. Ex- 
ception: When the line of centers for a clearance 
bearing does not intersect the partial bearing surface, 
ho is measured where the bearing surface if extended 
would cross that line 

thickness of the oil film at region of maximum pressure 
thickness of oil film at entering edge of the bearing 
film if less than h,, 

film thickness at trailing edge of partial clearance 
bearing, when greater or less than ho 

maximum thickness of the oil film 

horsepower friction developed by a journal bearing or 
a thrust bearing per unit of bearing width 

horsepower 

the length of a bearing face in the direction of motion. 
In a partial journal bearing, whose angular extent 8 
is expressed in degrees, 1 = rfa/180. This is useful 
for determining the length over width ratio 1/b used 
for selecting side-leakage-correction factors 

correction factor for load-carrying capacity, with side 
leakage 

rpm 

number of pivoted segments in a thrust bearing 

center of curvature of journal when running on oil film 
center of curvature of bearing surface supporting the 
journal 

pressure within the oil film where the thickness is h 
nominal mean pressure acting upon the bearing. In 
journal bearings this is obtained by dividing the total 
applied load by the product of the journal diameter 
and bearing width (axial). This is also expressed by 
dividing the load W (per unit of width) by the journal 
diameter 2a. In thrust bearings pp) = R/nlb. See 
Table 1 


P, 0 Pmax = maximum pressure within the oil film of a 


R 


rekd 


8 


lf 


u 
U 


bearing 

total load applied by the journal to the bearing, or by 
a collar to a thrust bearing 

total reaction of the bearing against the journal 

a film-form dimension in Fig. 9 

time, sec 

distance apart of plane surfaces. See Appendix C and 
Figs. 2 to 4 

velocity of any element of viscous flow, within the film 
relative velocity of the bearing surfaces. In thrust 
bearings it is measured on the mean diameter 
nominal mean unit load a bearing would carry if side 
leakage could be neglected. See po. ‘Their relation is 
po = Lyw 
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W = actual load applied by a journal to its bearing, per 
unit of width (axial) = R/b 
Z = character expressing the viscosity coefficient in centi- 


poises. See Appendix C 

a = leading angle for partial bearing, measured in direction 
of motion of journal from leading edge of bearing to 
line of action of the load 

g = angular extent of the bearing surface over which perfect 
film lubrication is assumed to be maintained. Usually 
expressed in deg 


« = eccentricity of journal axis when running in a fitted 
bearing 
n = radial clearance provided in a clearance bearing. 


When a = the journal radius, (a + 7) = radius of 
curvature of a bearing surface, and cy = eccentricity 
with which the journal axis runs in such a clearance 
bearing 


@ = angle from diameter through line of centers, to point 
within oil film of a journal bearing where thickness is 
h. See exception in study of fitted bearing, Fig. B. 

6, = angle 6 corresponding with location of maximum unit 
pressure within the oil film 

d = coefficient of friction for the journal surface. In 
thrust bearings this is the coefficient for the mean 
diameter of the thrust-collar face 

\’ = coefficient of friction for the bearing surface 

Aw = uncorrected coefficient of journal friction in charts of 
general conditions for journal bearings. > = 7 Ag 

1 

» = coefficient of viscosity. See Appendix C 

¢@ = angle relating load line to line of centers of journal and 
bearing in charts of optimum conditions. See bearing 
cross-sections, Figs. A, B, and C 

éy = angle relating load line to line of centers of journal 


and bearing in charts of general conditions. See 
bearing cross-sections, Figs. Cz, D, H, ACD, and F 


Appendix B—Examples 


Example 1. Required, a bearing of Class A, of minimum 
friction, to support a load of 25,000 Ib at 1500 rpm, with ho = 
_ 0.003 in., and with 200 lb per sq in. on the projected area of the 
journal. 

This requires a projected area of 125 sq in. Assume for this 
example that b/a = 3, ie., that the width of the bearing (6) will 
be 1.5 times the journal diameter (2a). The projected area being 
2a*(b/a) = 125, it follows that a = /(125/6) = 4.564in. This 
radius may or may not be sufficient for strength in bending or 
in torsion, or both; but it will be assumed that it is sufficient. 

Referring to Chart A, the least horsepower loss (per unit of 
width b) when b/a = 8, is incurred when 6 = 153.6 deg (2.68 
radians), for which the value of group WNho/HP is 16,900. As 
_ the ratio of load to power loss is the same for the whole width as 
for unit width 


25,000 X 1500 X 0.003 
16,900 


This does not include losses in any clearance spaces outside of 
the film arc p. 

The clearance 7 (see Chart A-3, curve 7) for 8 = 153.6 deg 
is found from the height to the curve, which is 1.72. This is 
the value of group 7 in Table A-3. Hence 7 = 1.72 ho = 0.00516 
in. The bore diameter of the bearing is therefore larger than 
the 9.128-in. diameter of the journal by 2 X 0.00516 = 0.01032 
in., which makes it 9.138. The clearance ratio 7/a is therefore 
0.00113. 


total power loss (HP X b) = = 6.66 hp 
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In order to determine the required oil-viscosity coefficient 
it is necessary to determine the correction factors. This may 
be done as follows: 


The arc length of the bearing surface, | = 2.68 X 4.564 = 12.23 in. 
The width b = 3.00 X 4.564 = 13.69 in. 


The ratio 1/b is therefore 0.893. By reference to Chart KX, 
several correction factors which may now be determined are: 
LI; = 0.487; F, = 0.916; and L;/F, = 0.532. The required 
mean viscosity in the oil film may now be determined from 
group 10, Table A-4 and curve 10, Chart A-4. For the in- 
finitely wide bearing and 6B = 153.6 deg, the height of curve 10 
measures 0.117. To this is to be applied the correction factor 
I, = 0.487. Hence group 10 = 0.117 Ly. The actual mean 
load per unit of bearing width is 


25,000/13.69 = 1826 lb = W 


Substituting this and other known values in group 10 and solving 
for p, we obtain 


1826 x (0.003)? 


» 0.117 X 0.487 X 1500 X (4.564)3 
= 2.022 X 10~® in.-lb-see (Reyn) 


With the conversion factor 69,000, this viscosity coefficient is 
0.1395 poise, which is that of a light machinery oil at about 130 
to 140 F. For determination of corresponding commercial 
viscosities see the viscosity-temperature-conversion charts in 
the author’s recent paper (20). 

The coefficient of friction may be found from group 12, Table 
A-4 and Chart A-4, curve 12. 


F ho 2.00 X 0.003 
\ = ot a 00 at eee 


= = 0.00247 
Ty a 0.5382 X 4.564 


Inspection of Chart A-1 indicates that by increasing the ratio 
b/a, other things being equal, the relative power loss will be 
reduced; this is shown more specifically in Example 2. The 
extent to which b/a may be increased must be limited eventually 
by considerations of space, cost, and the strength or elasticity 
of the journal. 

In the present example, the angle 8 might be increased, follow- 
ing curve for b/a = 3, on Chart A-1, securing, thereby, a some- 
what greater bearing area; but this would involve a relatively 
greater friction loss, as is obvious on inspection. 

Other data for this bearing can be found from the charts and 
tables, e.g., the leading angle a from group 3 and curve 3. 

Example 2. In Example 1, suppose that b/a is taken as 4 
instead of 3, the other data remaining unchanged. We then 
have, referring to the same tables and charts 


a = V(125/8) = 3.953 in. 
180.8 deg = 3.155 radians, for the least power loss. 


25,000 X 1500 X 0.003 
20,700 


B= 


Total power loss = = 5.435 hp. 


Clearance 7 = 1.622 ho = 0.004866 in. 
0.00123 in. per in. of diam. 


Length 1 = 3.155 X 3.953 = 12.47 in. 
Width b = 4 X 3.953 = 15.81 in. 
Ratio 1/b = 0.789. This determines the correction factors: 


L, = 0.533, Fi = 0.924, and L,/F, = 0.577 


25,000/15.8 = 1581 lb = W 


180 


‘s 1581 X 0.003? 
~ 0.1517 X 0.533 X 1500 X (3.953)8 
= 1.90 X 10~® in.-lb-see (Reyn) 


Mb 


This corresponds to 0.131 poise. 
The coefficient of friction is found to be 


F ho 1.762 X 0.008 
— % 1.762.X%.— = a 


See S00 2318 
a 0.577 X 3.953 


A= if 
These optimum charts and tables may also be used for determin- 
ing the proper radial clearance or the oil viscosity for a known 
set of other conditions. 

Example 3. What radial clearance 7 is best for following 
conditions? Total load R = 25,000 lb, N = 1500 rpm, 6 = 
120 deg, ~o = 125 lb per sq in., b/a = 4, oil viscosity = p = 
3.4 X 10~®in.-lb-sec (Reyn). Bearing is centrally loaded which 
means Class C. Proceed as follows: 

From above data it is found that 2a = 


W = 12650. 
l = 10.47 in. 


10 ins b = 20 in., 


l/b = 0.524 
Correction factors from Chart KX will then be LZ, = 0.672, 
Then from group 10 in Table C-4 and by introducing correction- 
factor L;, we obtain 


Who? 
pNai 


= 0.0671 Li = 0.0451 


This may be solved for ho, the only unknown. (Hence ho = 
0.0048.) Thereafter the desired value of 7 may be found from 
group 7, Table C-3. It will be 1.962 ho = 0.0094. The clearance 
ratio will therefore be y/a = 0.00188. The friction coefficient 
» is to be found from group 12, Table C-4, which group equals 
2.902 F,/L;. Hence 


A = 2.902/0.710 < 0.0048/5 = 0.00392 


The procedure for examples under Class-B journals would be 
similar to that already described, but having reference to the 
approximate Class-B tables and charts, corresponding to those 
referred to in Examples 1, 2, and 38. 

As explained under ‘Deviations from Optimum,” in Appendix 
D, it is practicable to explore other than optimum conditions 
by the use of the charts of general conditions which follow those 
on optimum conditions. To these, with fair approximation, 
may be applied the side-leakage-correction factors given on 
Chart KX. Kingsbury’s optimum points have been marked 
on the charts of general conditions when the bearing class is 
the same or the chart suitable for showing both conditions. This 
is practicable for the Chart C-5 of centrally loaded bearings and 
of Chart ACD-120 which gives loading characteristics of a wide 
variety of 120-deg bearings. 

Example 4. Find the running positions of the journal in the 
following centrally loaded 120-deg bearing using two different 
oils whose viscosity coefficients are 3.4 X 10-6 Reyn and 10.2 x 
10~® Reyn, respectively. The total load R = 10,000 lb, the 
actual nominal pressure po = 125 lb per sq in., the journal 
diameter = 8 in., the bearing width = 10 in.; the clearance 
ratio 7/a = 0.001, and the speed N = 400 rpm. 

The first step in solving this problem is to set down the known 
values of the symbols as far as practicable. The scale at the left 
of Chart C-5 represents a symbol group for which all values 
are known except w. This w is the ideal nominal pressure the 
bearing would sustain if side leakage could be neglected. It is 
reduced to the actual nominal pressure po by side leakage. Hence 
Do = Lyw and the correction factor L; must be found from Chart 
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KX. From the problem data the l/b ratio is found to be 
8x X 120/10 X 360 = 0.839. 

This yields the following correction factors: Ly 
L,/F, = 0.555, F, = 0.92. Hence, 


= 0.51, 


a 


w_(n\ _ 245 X1X10-* _ 0.613 X 107 
uN — w X 400 fi 


First, substituting » = 3.4 X 1078, the group is found to equal 
0.180. With this we may enter the Chart C-5 at left. This 
reaches the loading curve for 6 = 120 deg, where c = 0.581. 
Reading down to friction, coefficient curve for 8 = 120 deg, we 


find that Mee = 1.29. Then reading upward on c = 0.581 to 
0 


the ¢y-curve for 8 = 120 deg, we find that ¢, = 33.2 deg. The 
Ag. Hence, »\ = 
1.29 * 10-3/0.555 = 0.00233. The journal running position 
will be on the line ¢y = 33.2 deg. Its distance from the center 
of the bearing will be cy = 0.581 X 0.001 X 8/2 = 0.002324. 
The minimum film thickness will be hy = (1 — c)n = 0.001676. 
Dr. Kingsbury’s optimum eccentricity factor is seen from the 


2 
C, F, O, dotted loading curve ay (2) on Chart C-5 to be 0.49 


actual friction coefficient will be X = 


Le 
for a 120-deg bearing. For this, ho = 0.00204. Hence, for 
uw = 3.4 X 1078, our assumed bearing is not quite as safe as the 
optimum would be. 

Solving this same problem with » = 10.2 X 1076 leads to the 
following results, the group value for entering the chart being 
0.060. Proceeding as before we find c = 0.28, dy = 46 deg, 
Aw(a/n) = 2.54, % = 0.00458, and hy = 0.00288. Hence, with 
this heavier oil the friction is greater, as would be expected. 
The minimum film thickness is also greater than for the lighter 
oil. An intermediate oil would cause the journal to run with 
optimum eccentricity, but as the clearance is fixed it is necessary 
to decide which is the more important, a least film thickness of 
ho = 0.00168, or ho = 0.00204 or ho = 0.00288. The degree of 
perfection of the shaft alignment may be the deciding factor. 
Heavier oil is better when conditions of alignment are not ideal. 
See film thicknesses noted in loading Table 1 for Kingsbury 
thrust bearings. 

Example &. In a 120-deg bearing, would negative pressures 
in the oil film be expected with a 6-in.-diam journal 10 in. wide, 
carrying 600 lb at 1000 rpm with a clearance ratio of y/a = 0.002, 
and an oil viscosity of 4.0 X 10-8 Reyn, (a) when a/8 = 0.44? 
(b) when a/B = 0.52? (c) when a/B = 0.62? 

First find correction factor Zi from Chart KX. It will be 
the one corresponding to 1/b = (6m X 120)/(10 x 360) = 
0.628. Therefore, Z; = 0.613 and w = 600/(6 X 10 X 0.613) = 


2 
16.30. Then since » = 4.0 X 107® the group as (: = 


BN \a 
16.3 4 Ome 
peels FASE a = 0.0163. Referring to Chart ACD-120 the 
4 X 10-* X 1000 


answer to (a) is that the bearing is close to the region there 
indicated for negative pressure at the trailing edge. The answer 
to (b) is that the bearing is not likely to have negative pressure. 
The answer to (c) is that negative pressure is likely at the leading 
edge. 

Abnormal conditions were assumed for this bearing in order 


4 An investigation by S. J. Needs shows that negative pressure 
is to be expected in a finite bearing for conditions where the infinite- 
width bearing would show all positive pressures. Hence, when the 
data of a problem show that the running position approaches the 
upper-limit line of Chart ACD-120, some negative pressure is prob- 
able. Such a condition would place the bearing in some other class 
for which a = 60 deg and 6 — a < 60 deg. 
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to bring out the negative-pressure feature. Note the locations 
of the optimum points for the Class-A bearings near the center 
of the Chart ACD-120. These points are marked AFO and 
ALO. For a Class-C bearing the optimum points are marked 
_ CFO and CLO. By comparing these points with those located 
* by the problem data some idea of the divergences may be gained. 

Example 6. Find the minimum film thickness in a 100-deg 
fitted bearing running under the following conditions: N = 300, 
u = 3 X 10-6 Reyn, total load = 3000 Ib, journal diameter = 
5 in., and its width = 6in. The procedure is as follows: 

1/b = (x5 X 100)/(6 X 360) = 0.727 
Therefore, L; = 0.565 and w = 3000/(30 X O565)5 = 177. 
w es 10x 

Bey Ps ida x 300 
which Chart B-1 is entered at the left. Reading across to lower 
diagonal for 6 = 100 deg and then down to «/a the latter is 
found to be 0.0008. Ash = «sin é@ (see symbols in Appendix A) 
it is necessary that @ be known for the ho location, which is at the 
trailing end of the bearing. This value of @ is seen from Fig. H 
of Chart E-1 to be equal to 270 deg + 8 — (@g + @). For this 
problem it is found to be 157.6 deg. Hence ho = 0.0008 X 2.5 X 
0.381 = 0.00076. 

Other data can of course be obtained. 


= 0.197, the value with 


Aw = 0.00082. Apply- 


oN 
ing the correction factor L:/F; = 0.61 we have \ = ay 
I/F; 
-00082 
_ = 0.00134 which is the actual coefficient of friction. 


(Nots: This problem could have been solved by means of 
optimum charts of class-B journals, because for fitted bearings 
all conditions are optimum for a given series. Kingsbury’s 
Class B differs a little from the author’s Class H.) 

Example 7. What total friction-power loss and what friction 
coefficient are to be expected in a full bearing operating under 
conditions where 2a = 4in., b = 8in., N = 3600, » = 2 X 10~%, 
total journal load = 3600 lb, and n/a = 0.003. Proceed as 
follows: Assume 8 = 180 deg for purpose of finding Z;. Then 
1/b = (4x X 180)/(8 X 360) = 0.79 and , = 0.53 and Fy = 
0.925 and Ly/F, = 0.575. w = 3600/(32 X 0.53) = 212 lb per 
sq in. because w = po/In. Now, 


w (n\ _ 212 x 9 Xx 107% 
uN \a/ 2X 3600 X 107° 
Entering Chart F-1 at the left with this value and reading across 


to the load-capacity curve we find the value of ¢ = 0.5. Holding 
this value of c for the other curves, the right-hand scale readings 


= 0.265 


therefore lead to Nee = 1.88. The total power loss = 3.2 X 
7] 


" (°) a?N210-F; hp. The actual coefficient of friction \ may 
n 

pla OR i 
L,/F; 0.575 
sired answers to-the problem. The total power loss will be 
4.1 hp and the friction coefficient \ = 0.0098. Checking back 
from )j to the total power loss, it is found that the latter is the 
same if the correction factor is properly introduced as in A = 


be found from A = Solving, these give the de- 


Appendix C—Viscous Flow 


FUNDAMENTALS 


Laminar or viscous flow in a film is that kind in which par- 
ticles of liquid or other matter move as if they were parts of 
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a laminar structure. Hersey (19) has illustrated it by means of 
a thick book, with a stiff binding, one of the covers of which is 
shifted relative to the other as from position A to position B in 
Fig. 2. All the leaves will be shifted a little, if held to the binding. 
The sum of their relative shifting will, if integrated, equal the 
relative shift of the covers. This represents the viscous flow 
of oil between parallel plates when one plate moves relative to 
and parallel with the other in the absence of pressure. 

If the book binding be elastic as in Fig. 3, and a pressure P 
be applied to the leaf edges as in D while the covers are held, the 
leaves will shift to the right from position C to position D, the 
greatest shift being at center in D. This represents the viscous 
flow of oil between two fixed parallel plates when subjected to 
a greater pressure at one end than at the other. In the case of 
the books, the extent of movement is limited. In the case of a 
liquid, continuous laminar motion is possible. 

The force that opposes the viscous flow of a liquid is called the 
resistance to distortion. The velocity with which the upper 
surface of an oil film or the upper cover in B of Fig. 2, moves 
relative to the lower, when compared with the film thickness or 
the book-thickness 7’, establishes what is called the rate of dis- 
tortion. The resistance which such a medium offers to such a 
rate of change of shape or such a rate of distortion is an indication 
of its viscosity. The ratio of the unit resistance to the rate of 
distortion it produces is a measure of the viscosity of the liquid 
and is called the coefficient of viscosity. The viscosity coefficient 
enables us to connect the internal forces in the liquid with the 
external forces that cause it to become distorted. The force 
acting on a unit area of the upper face of the film, as upon the 
book cover in Fig. 2, is designated as f. This will cause the 
upper face to move with a velocity U with respect to the station- 
ary one. The rate of distortion produced will be U/T. The 
coefficient of viscosity » equals the ratio of the force f to the rate 
of distortion U/T which it produces. Thus, we have our first 
relation of the force, distance, and velocity concerned with 
viscous flow 


Beet 
be 7s soaeualie ohosanae ae {1} 
from which 
if = (OY x coos oohcoonoaasesnen [2] 


We have here the fundamental formula for the study of the 
viscous flow of liquids. This equation is so important that it 
can be used very directly to find the approximate frictional re- 
sistance to the rotation of a journal in a bearing, if the surface 
speed, the film thickness, and the viscosity are known. 


FRICTION AND VISCOSITY 


This relation was expressed by Petroff (1) in 1883, when he 
assumed that a shaft ran concentric within its sleeve bearing. 
Fig. 4 may be thought of as illustrative of the viscous flow of oil 
in absence of pressure, between fixed and moving parallel plates, 
their distance apart being T. This is still a useful assumption 
for high-speed bearings, moderately loaded, whose journals run 
nearly concentric within their bearings, and the latter use prac- 
tically complete sleeves. 

The tangential friction force at the journal surface, resisting 
rotation, is 


The surface speed of the journal is 
Gi = PING ee eh eee orrannc [4] 


In this formula N is revolutions per minute. Combining Equa- 
tions [3] and [4] with Equation [2] a useful formula [5] is found. 
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This is independent of unit system employed, so long as but one 
is used and N/60 represents revolutions per second. It is 
similar to the one proposed by Petroff. The viscosity coefficient 
» must be expressed in the system of units employed for rest of 
equation. 


This friction force F can be again combined with speed and 
expressed as power loss. 


PoisEs, CENTIPOISES, AND REYNS 


The relation between the viscosity coefficient in English units 


FIG.4, AJOURNAL CENTRAL WITHIN ITS BEARING 


TUBE OF UN/FORM BORE 


FIG.5,VISCOUS FLOW THROUGH TUBE 


INFLUENCE OF S/OES 
NEGLECTED 


WIDTH OF PLATE 
FIG.6,VISCOUS FLOW BETWEEN PARALLEL PLATES 


R 
R 4 
‘Kies } 
OL SUPPLY 


Pp 
FIG.7,APPROACHING FACES WITH FIG.8,SEPARATION OF FACES 
OIL FILM BETWEEN THEM BY PRESSURE OIL 


(pound-seconds per square inch) Reyn, and metric units (dyne- 
seconds per square centimeter), poise, may be expressed as 
follows when yg is the former and py the latter. 


buy/ eR ~: 69,000 ee ee er [6] 


There appears in literature another unit for viscosity coefficient 
called the centipoise, designated as Z and having a magnitude 
of one hundredth part of a poise. The relation between it and 
the poise is expressed in Equation [7] and that between it and 
the Reyn in Equation [8]. 


Fie S100 22... ve [7] 
Zi ty 6,900,000... [8] 


Viscous Ftow TxHroucu Tuses 


By applying the laws of viscous flow to the flow through tubes, 
. 
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and assuming that there is no molecular slippage of liquid at the 
tube surface, the law of volume of flow per second is 


V. 2 7Ga=s Pht 
t 128 ua 
Referring to Fig. 5, the linear velocity of flow u at any distance 


y from the side of the tube is 


PSP an 
4ua 


The variation in this velocity is seen to be parabolic and the 
velocity of flow, therefore, greatest at the tube axis. 
Viscous Fiuow BrrwEEen PARALLEL PLATES 


Viscous flow between platés that are parallel, Fig. 6, is simply 
expressed by Equations [11] and [12]. In this case, also, the 


velocity distribution, transversely, is parabolic. There is as- 
sumed to be no slippage at the plate surface. 
Volume rate of flow is 
V. bh3(P, — P. 
Ye ig kale [11] 
t 12 ua 
P, — P2) (hy — y? 
y = Ce eee [12] 
2ya 


In the Equations [9], [10], [11], and [12], one system of units 
only is to be applied and the viscosity coefficient must be in that 
system also. Pi and P: are the pressures acting upon the liquid 
at two ends of the tube or plates. The pressure drop from P; 
to Pz is assumed to be uniform with distance throughout the 
length a. 


Viscous Ftow From APPROACHING FAcEs 


Osborne Reynolds in 1886 (2) investigated the time rate at 
which such surfaces, if parallel, will approach when the space 
between them is filled with a viscous liquid, and a constant 
normal force R is maintained. See Fig. 7. With elliptical 
plates, no central cavity, no oil supply, and the plate moving 
downward, the formulas which are applicable are 


3 urarc* 1 1 
(Se ee 1 
2R(a? + c?) (4 3) be 
2R 
Py ST ay ote ete oth iat crntoniaidel ate alas ae {14] 
mac 
QR 2 2 
ao (2 ane :) =) eae [15] 
mac \a? c 


where P; = oil pressure at the center, and P = oil pressure at 
any point with coordinates x and z. 


SEPARATION OF PARALLEL CrrcuLar Puates BY HicH-PRESSURE 
Om 


This condition of viscous flow, illustrated by Fig. 8, may be 
accomplished by forcing oil into the smal] recess at the center 
with sufficient pressure to cause separation and outward radial 
flow. 

Case 1. 
Pressure Oil. 
Zero. 


Circular Plates, Load Carried by Continuous Flow of 
Pressure at Outer Edge of Plate Assumed to be 
The formulas applicable to this case are 

_ 0.0867 hék 


p(t? — n2) 


ia 
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_ 2K log,(r2/n) 


| een i eee 20 
: (12? — 1°) [ 
2 
aie SUT aS [21] 
a ("22 — 112) 
eee Sl es ee [22] 
h3 
Pi 2r2? log, (r./r1) 
SS... es [28 
Po To? ——- 72 
where P; = oil pressure supplied to central cavity, P = oil 


pressure at any radius r, Po = specific pressure on the plate 
produced by the load = R/xr;*. In Equations {19] and [22], 
G represents U. S. gallons per minute, provided all other units 
are inches, pounds, and seconds, in which case » must be intro- 
duced as Reyns. 

Case 2. Circular Plates, Oil Supply Stopped,* Plates Moving 


Together. The formulas applicable to this case are 
3 4— 4) f 1 
ila sstas 2 | (24) 
4R hy? he? 
2k 
Bicester viens ios 25 
A eee [25] 
2R(r2? — r? 
ee ae [26] 
(124 — 114) 
where P; = oil pressure in the central cavity, and P = oil 


pressure at any radius r. 
The symbols used in Equations [1] to [26] are as follows, and 
must not be confused with the symbols that appear in Appendix A 


R = 
G = 


total load on plate 

flow of pressure oil, U. S. gpm where other units in the 
equations are inches, pounds, and seconds, and y is 
introduced as Reyns 

un = absolute viscosity of oil 

thickness of oil film 

time for moving plate from height hz to height hi, sec 


Appendix D—Perfect Lubrication 


Taperep Ow From 

The tapered oil film is the secret of the success of the sliding- 
surface bearing, by virtue of which it attains its great capacity, 
its very low friction coefficient, and its remarkable durability. 
The existence of an oil film completely separating the bearing 
surface from its journal was discovered in 1883 by Beauchamp 
Tower (3). When this fact came to the attention of Osborne 
Reynolds (2) he was so intrigued with the idea that he developed 
the hydrodynamical theory which explains it. He showed 
that the film of oil must have the shape of a wedge in order to 
keep the surfaces apart, whether the bearing be flat or cylindrical. 
In 1896 Albert Kingsbury (4), by actual measurement, discovered 
that the lubricating film was wedge shaped below the air-borne 
journal of his test bearing. [Further evidence of the necessity 
for a wedge-shaped film has been since deduced from other 
analyses and tests, as well as from the observation of wear in 
bearings not adequately lubricated. A good review of Reynolds’ 
work, including a few needed corrections in the formulas, appears 
in Kingsbury’s paper (4). 

Side Leakage. Reynolds, in his bearing analysis, neglected 
the influence of side leakage upon the pressures and friction that 
are developed within the oil film. Therefore, he determined the 
maximum pressures that a bearing could develop with a given 
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film under ideal conditions. His work is most valuable as an 
upper limit or standard with which actual conditions may be 
compared. It is generally recognized however that, if all other 
conditions are held the same, the narrower the bearing surface 
(perpendicular to:the direction of motion) the less will be the 
pressures developed within a film of given form and thickness. 
This is true because a larger percentage of the oil drawn in at 
the front edge, will leak away at the sides of the narrower bearing, 
before reaching the far end of the film. Sce fuller discussion 
following under heading “Side Leakage Reduces Capacity.” 


Fitm THICKNESS 


The chief importance in the consideration of film thickness 
and shape lies in the fact that upon them largely depends the factor 
of safety of a bearing. If the relative shapes of the two co- 
operating bearing faces are such as to permit safe starting and 
stopping under load, then the safe running of the bearing may 
well depend upon the minimum thickness of the oil film and its 
shape. This point was discussed by Dr. Kingsbury (5) and led 
him to propose the minimum film thickness as an important 
criterion of bearing safety. The reason for this seems obvious 
when one remembers that a bearing, first, has to maintain its 
film under changes of load and temperature, second, has to support 
deflected shafts or misaligned ones and, third, has to pass particles 
of foreign matter through its film to a reasonable extent, without 
serious injury to the bearing surfaces. 

Tilm thicknesses are difficult to measure and few reliable tests 
of heavily loaded bearings are available. Therefore, reliance 
is usually placed upon calculations, when the bearings so investi- 
gated have proved themselves in service. Calculated minimum 
film thicknesses together with capacities for flat surfaces, based 
on Kingsbury’s thrust-bearing practice, are given in Table 8 in 
the body of this paper. 

Viscosity Change Within Oil Film. The friction generated in 
a bearing, the surfaces of which are completely separated by an oil 
film, is produced within the oil itself. This friction is dependent 
upon the viscosity of the oil, upon the film thickness, upon the 
speed, and upon the extent and shape of the bearing surfaces 
covered by the film. See Appendix C. As the oil passes through 
a bearing film, the heat generated must be disposed of in one 
way or another. Some passes into the bearing faces while the 
rest remains in the oil itself and passes out with the oil discharged 
from the sides and the far end of the bearing film. Oil thus 
discharged is therefore hotter than when it entered. This rise 
in temperature reduces the oil viscosity, i-e., makes the oil 
thinner. A fair idea of the maximum possible rise of temperature 
within a perfect film may be had by simple calculation involving 
the mean film thickness, the speed, and the specific heat of oil. 
It is customary to assume the mean viscosity within the film to 
be that of the whole film, when making bearing calculations. 


Tue Fuat-Weper Fim 


This film is shown in three views in Fig. 9, giving the plan 
view, longitudinal section A-A, and a front view looking into 
the film in the direction of the entering oil. Dotted lines in the 
plan view show the oil flow and how side leakage takes place. 

A study of this film by means of Reynolds’ equations in 
Kingsbury (5), assumes the oil flow to be all parallel to A-A, 
in the plan view. This is the direction of motion. This analysis 
discloses a number of important characteristics of an oil film. 
The lower or stationary bearing surface of 9-a may be assumed 
to be placeable at will in any desired relation to the upper or 
moving face of the bearing. The proportions of s to / may 
therefore be varied at will, as may also be the thicknesses ho and 
hy, In order to study these variations quantitatively, the load 
W, per unit of width 6, may be assumed fixed. The length / of 
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the bearing face may also be assumed fixed, and likewise the 
speed U and the mean viscosity uw. It is assumed that the 
position of support of the inclined face, if pivoted, may be altered 
at will to satisfy these imposed conditions. Three different 
sets of conditions, or cases, will now present themselves, and 
the results are given below. These are limited here to the 
conditions in which the influence of side leakage upon the pressure 
is negligible, as with infinitely wide bearings. 


(C) PLAN VIEW OF FILM SPACE 
ARROWS SHOW O/L FLOW. 
bxW= TOTAL 
SPEEDU LOAD CARRIED 
BpeeeH 
MOVING 12 
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(a) LONGITUDINAL SECTION A-A. 
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FIG.10, CURVED-WEDGE FILM OF CLEARANCE BEARING 
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so 


bxW= TOTAL LOAD CARRIED 
(@)LONGITUDINAL SECTION A-A 


(b) FRONT VIEW OF 
FILM SPACE 


FIG.1l, CURVE D-WEDGE FILM OF FITTED BEARING 


Case I. Minimum Friction Condition. The frictional re- 
sistance to motion will be a minimum when s/l = 0.484. The 
film proportions in this case will be h,,/ho = (s + 1)/s = 3.065. 

Case Il. Optimum Load Condition. The film thickness at 
ho will be greatest when s/l = 0.841. This condition was de- 
termined by Reynolds. The film proportions in this case will 
be h,,/ho = (s + 1)/s = 2.190. 

Case III. Optimum Friction Condition. The friction, per 
unit of least film thickness ho, will be at minimum when s/J = 
0.652. The film proportions for this case will be h,,/ho = 
(s + 1)/s = 2.533. Kingsbury (5) has selected this as the opti- 
mum friction condition for flat-surfaced bearings. 

The curves for which the preceding-case data are critical 
points, and upon which the following discussion is based, are 
given in Fig. 12. They are plotted from Reynolds’ equations 
as given by Kingsbury (5). The case conditions are marked on 
curves having the same numbers. The symbol groups and the 
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film picture in this chart carries the slope-angle C which does 
not appear in Fig. 9. 

Examination of the curves of Fig. 12 show their critical points 
to be grouped in such a way that the range of variations of least 
film thickness and of friction does not exceed 4 per cent. Al- 
though any one of the case criteria would be a reasonable choice, 
Case III is the best from the combined viewpoint of bearing 
efficiency and factor of safety. 

Deviations From Optimum. Side-Leakage Effect Negligible. 
(Fig. 12.) If a bearing be constructed with the ratio M = s/l 
appreciably less than 0.484(see curve No. 1) the friction will be 
considerably increased. The minimum film thickness ho would 
be reduced at the same time. Therefore, a change of proportion 
in this direction leads more quickly toward higher friction and 
toward metallic contact. In this direction also the angularity 
of the bearing faces increases. From a study of curve No. 1, it 
appears safer to deviate from the minimum friction condition 
(M = 0.484) toward the right, in the direction of nearer parallel- 
ism of the bearing surfaces, which follows an increase of s/l. 

Thus we are led toward Case III and Case II. In this di- 
rection beyond M = 0.841 the least film thickness ho decreases 


ae 
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Fig. 12 Errecr or Deviations From Optimum CoNDITIONS FOR A 
Bearinea With Friat-Wepep Firms 


slowly, as is seen from curve No. 2, and the friction increases 
but slowly, as is seen from curve No. 1. 

A further study of the curves of Fig. 12, if they were extended 
beyond the chart limits, would give an idea of how high pure 
film-friction coefficients could be expected to rise in bearings 
that have nearly parallel faces, far removed from the best. The 
values tabulated at the top of the chart show that when the least 
film thickness ho reaches one-quarter of the best value assumed 
in Case II, the friction will be more than five times the least 
obtainable. In spite of this high friction, the bearing surfaces 
might run with perfect lubrication and without wear, if great 
care is used in producing and maintaining the surfaces. 

It seems reasonable to expect that correction factors for side 
leakage set up for optimum conditions may be used with a fair 
degree of accuracy for proportions differing materially therefrom, 
if the deviation is in the direction of nearer parallelism of bearing 
surfaces. 


Tue Curvep-WepGE Fitm 


Oil-film shapes in journal bearings, when geometrically ac- 
curate and simple, are of two forms. Both may be expressed 
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by a sine-curve equation and are, therefore, easily shown in 
developed section when the journal surface is represented by 
a straight line. For convenience of comparison, the angular 
extent of the bearing 8° in Figs. 10 and 11 is drawn equal to the 


‘length 1 of the flat wedge film in Fig. 9. 


Clearance-Bearing Films. Yor bearings with running clearance 
the sine-curve axis is spaced from the sine-curve median line by 
an amount equal to the radial clearance 7 as in Fig. 10-a. Half 
of the total height of the sine curve, the half equaling en, when 


’ deducted from the radial clearance 7, equals the minimum film 


thickness, ho = n(1 —c). As the minimum thickness ho is apt 
to lie within the film the thickness at the far end has been lettered 
hg. The thickness h4 may obviously be less than the maximum 
film thickness for some film proportions. 

Fitled-Bearing Films. When the running clearance is zero 


the bearing is said to be fitted to the journal. The film-formation 


limitations in this case are illustrated by Fig. 11. The fitted 
bearing cannot have an are 8 much greater than 90 deg, and an 
angle of 180 deg is geometrically impossible. In a fitted bearing 
the maximum film thickness hm is apt to be within the film limits 
and not at the entering end. The minimum film thickness ho 
will be at the far end of the film. For this reason the thickness 
at the beginning of the film has been lettered hy. 

Optimum Conditions for Journal Bearings. For these condi- 
tions reference must be made to tables and curves mentioned in 
“The Loading and Friction of Journal Bearings.”’ See Classes 
A, B, and C, taken from Kingsbury’s paper (5). As curved- 
wedge films cannot be so well and simply examined mathe- 
matically as was done for the flat-wedge film, recourse was had 
by Kingsbury to electrical methods described in Section V of 
(6), for checking his analytical study of them. In general the 
meaning of the results obtained by Kingsbury will be under- 
stood by keeping in mind the explanations of optimum conditions 
previously offered for the flat-wedge film. 

General and Special Conditions. Yor a study of general bearing 
conditions one is referred to the charts for Classes C, D, #, and 
F, mentioned under the heading “The Loading and Friction of 
Journal Bearings,” adapted from Howarth (7) and (8). Also 
upon some of these charts there are marked such optimum 
conditions as determined by Kingsbury (5), for the particular 
class of bearings studied by Howarth. This discussion is con- 
tinued and amplified with examples in Appendix B that illustrate 
the use of the loading and friction charts. 

Deviations From Optimum. In view of the many possible series 
of journal-bearing films, the study of deviations from optimum 
is here limited to a centrally loaded bearing with 120 deg clear- 
ance. In order to study the curved-wedge film of this bearing 
as fully as done for the flat-wedge film in Fig. 12, the film in the 
120 deg bearing was assumed to be a curved wedge extending, 
as in Fig. 13, from hmax at the entering edge to ho where the 
film thickness is least, for which the wedge length is lo. This 
length Jp will usually be a little less than the full are 120 deg, 
depending upon operating conditions. 

Kingsbury’s study of the 120-deg centrally loaded bearing, 
(see the charts and tables of Class C), gives values of dimension- 
less groups for optimum conditions. On Fig. 13 certain of these 
groups are used as ordinates, and are also marked along the 
corresponding curves. The base scale shows the curved-film 
wedge proportions M for a considerable range, including the 
optima for minimum friction and for maximum load, as well 
as the minimum frictional drag for carrying a given load under 
specified conditions. Curves No. 1, No. 2, and No. 3 on Fig. 13 
correspond with those of the same numbers in Fig. 12. There 
appear in Fig. 13, however, two additional curves. Curve 
No. 4 shows the clearance-ratio variation and curve No. 5 shows 
the eccentricity change. The optimum points were obtained 
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from Kingsbury (5) and the curves were plotted from data taken 
from Howarth (7). - 

Let it now be assumed that the 120-deg bearing is running 
under the optimum friction condition, at which M = 0.943. 
The optimum clearance ratio corresponding with this is assumed 
to be unity when plotting curve No. 4. If, the clearance ratio 
for this optimum friction condition is increased 20 per cent, the 
value of M will change, and be no longer that for this optimum 
condition. Referring to curve No. 4, the point X will be reached 
for which M = 0.7. Following vertically through this point 
we find from curve No. 1 that the frictional-drag group has 
changed but little, from curve No. 2 that the capacity group 
has reduced but little, and from curve No. 3 that the friction- 
coefficient group has increased a small amount. If next we 
assume the clearance ratio for minimum friction to have been 
decreased 20 per cent, we find from curve No. 4 a point Y for 
which the value of M is about 1.4. For this condition the fric- 
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tional-drag group as shown by curve No. 1 has increased a little 
in value, the capacity group as shown by curve No. 2 has de- 
creased but little, and the friction coefficient group shown by 
curve No. 3 has increased but little. These facts will be found 
useful when arranging tolerances for the bearing and journal 
diameters. 

In the same way as in Fig. 12, a table was prepared to show 
inereases in friction that would accompany wide deviations from 
optimum conditions for flat-wedge films. For the same purpose 
similar figures have been tabulated on Fig. 13 for the curved- 
wedge film, for values of M beyond the limits of the chart curves. 
When M = 10 the frictional-drag group of curve No. 1 will 
reach a value of 4.76, which may be compared with its minimum 
of 2.4. It is not practicable to extend this comparison farther 
for this group with the data available. For M = 10, however, 
we find that the clearance-ratio reduction from optimum has 
reached nearly 70 per cent. The friction-coefficient group has 
increased from the optimum of 2.95 to the larger value of 10.45. 
The capacity group has decreased from 0.8 to 0.453. It is 
quite probable that with the value of M equal to 10 or even 20, 
the bearing would still function properly with pure film lubri- 
cation if accurately and carefully made. 

From the curves of Fig. 13, another set shown in Fig. 14 has 
been drawn for more convenient use. The characteristic groups 
for capacity, frictional drag, and the friction coefficient as well 
as for the eccentricity are plotted directly over the variation 
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of the clearance ratio. As before, the clearance-variation figure 
has been made unity for the optimum condition of minimum- 
friction coefficient. This chart shows in a more direct way the 
influence of deviation of the clearance ratio from this optimum. 
It is clearly seen that small deviations have little influence, as 
demonstrated already by means of Fig. 13. If, however, the 
clearance-ratio variation is large, the efficiency of the bearing 
is sensibly affected, especially if the clearance ratio is reduced. 
If, for example, the clearance ratio is increased 40 per cent, the 
group factor for the frictional drag as shown by curve No. 1 
increases from 2.4 to 2.5, the group factor for the capacity (as 
shown by curve 2) decreases from 0.8 to 0.74 and the friction- 
coefficient factor, as shown by curve No. 3, increases from 2.9 to 3.3. 
A reduction of the clearance ratio by 40 per cent on the other 
hand yields more undesirable results. The frictional-drag factor 
rises from 2.4 to 2.9; the capacity-group factor falls from 0.8 to 
0.74; and the friction-coefficient factor increases from 2.9 to 4. 
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The increase of the friction-coefficient factor is far more notice- 
able with a reduction of the clearance ratio than with an increase. 
If, therefore, it is not feasible to design the bearing with the 
clearance ratio corresponding to the optimum conditions, a 
larger rather than a smaller clearance ratio should be provided. 
This conclusion has also been corroborated by practical ex- 
perience. The relation of curvatures to safety of starting and 
stopping under heavy loads should not be overlooked, as it leads 
in the other direction, the choice of a smaller clearance. 


Sipe LeaxacGe Repuces Capacity 


The influence of side leakage upon the capacity of a perfectly 
lubricated thrust bearing, and other bearings with wedge-shaped 
films, is considerable. It has been determined by several in- 
vestigators, notably by Michell (9), Martin (10), Boswall (11), 
Kingsbury (6), and Duffing (12). In Fig. 15, the coordinates 
of which are capacity factor and length/width ratio, the results 
of several investigators are shown as plotted by Kingsbury who 
drew this curve to compare them all. The capacity factor shows 
what percentage of the ideal load can be carried on a film with 
finite dimensions of length and width. The ideal, with which the 
bearing of finite width and length is compared, is a bearing 
having the same finite length (in direction of motion), but which 
is understood to be a part of one whose width is so great (infinite) 
that there is no side leakage to reduce the capacity. 

The points determined by Michell, by Martin, and by Duffing, 
apply to a flat-wedge film whose proportions are two to one, 
i.e., h,,/ho = 2.0. Kingsbury also found points for such a film. 
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These are all included under the heading (plane surfaces) marked 
on the curve of Fig. 15. Kingsbury extended the investigation 
to cover curved-wedge films such as occur in journal bearings 
of the fitted and the clearance types. By taking a variety of 
such points for his optimum bearings and comparing their ca- 
pacities for various values of 1/b, with the ideal capacities he 
found his points to lie fairly well along a line through the points 
determined only for plane surfaces. By this means Kingsbury 
found a set of correction factors that could be used with ideal 
capacity and friction charts and tables for the solving of practical 
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bearing problems. See Chart KX, and also the examples in 
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Discussion 


Pulsating Air Flow’ 


Sanrorp A. Moss.? Professor Bailey is to be congratulated 
on his distinctly novel and ingenious contribution to the measure- 
ment of pulsating flow. Inquiry might be made as to the tech- 
nique of operating the apparatus. Is it difficult to regulate the 
valves 6 and 9, shown in Fig. 1, so as to secure constancy of head? 
Does the rpm of the blower have to be regulated with more than 
ordinary care in order to preserve constancy once it is established? 
In order to avoid surface-tension changes, the orifice 8, Fig. 1, 
was finally made an orifice in a thin plate. Such an orifice has a 
coefficient of discharge subject to some variation, so that the ac- 
tual flow may not be at all times proportionate to the square root 
of the head. It would seem the author’s original orifice with 
rounded approach was more nearly theoretically correct. Could 
not the orifice be made of stainless steel or bronze, or even of 
brass artificially seasoned so that it would remain constant with 
respect to surface tension? 

At first thought it would seem that the use of the apparatus is 
limited to the case where pressure difference, in the air flow being 
measured, is such as to cause negligible density change. How- 
ever, it was shown in a paper read at the December, 1927, meet- 
ing of The American Society of Mechanical Engineers, that air 
flow by weight with a differential pressure up to 10 per cent of 
the initial absolute pressure, varies exactly with the square root 
of the differential pressure, which would make the instrument 
usable up to this differential-pressure ratio. It is to be assumed 
that the instrument could be used with measurements made with 
an impact tube in the pipe and a static hole in the pipe wall, as 
well as with the pitot tube with static and impact openings dis- 
cussed by the author. No doubt the instrument could also be 
used when air flow is measured by means of a nozzle at the end 
of a pipe line, with initial pressure measured with a statie hole 
preceding the nozzle, or an impact tube preceding the nozzle, or 
an impact tube in the nozzle jet. 

The author speaks of possible sources of error due to a particu- 
lar type of connecting pipe used. It would seem that error from 
this source is always possible, because air in the tubing between 
the pressure-measuring instrument and the author’s apparatus 
has a period, inertia, and compressibility of its own, which may 
at times give oscillations other than those of the original jet, or 
give friction which may dampen some of the original pulsations, 
as the author mentions. Possibly this effect might be eliminated 
by filling all of the tubing with water, which is practically incom- 
pressible. With this arrangement, the tubes 11 and 12, Fig. 1, 
would be connected as closely as possible to the pitot tube or 
other flow-measuring apparatus with as short column of air be- 
tween as possible. Then there could be tubing of any convenient 
length between the lower ends of the glass tubes and connections 
13, Fig. 1, to the water box, all filled with water. By this means 
the air column between the original source of pulsation and the 
water box would be made a minimum, and this presumably would 
increase the accuracy of the instrument. 

One further item, the effect of the inertia of the water flowing 
through the orifice, may be mentioned. When the pulsation is 


1 Published as paper PTC-56-1, by N. P. Bailey, in the October, 
1934, issue of the A.S.M.E. Transactions. 
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at a given point in the cycle and the velocity through the orifice 
is a given amount, and the next phase of the pulsation changes 
the head on the water orifice, the water itself does not instantly 
assume the velocity corresponding to the new head but, on ac- 
count of its mass, must be accelerated, which requires a certain 
time. For this reason, the pulsation of the water cannot be in 
phase with the pulsation of the air. Perhaps for low velocities 
through the water nozzle, and comparatively low frequencies of 
pulsation, this error is negligible, and perhaps the author has 
some definite mathematical treatment of it. 


P. H. Harpigz.? The author, apparently because of the brevity 
of his paper, has not fully explained many important points re- 
garding the operation of the fluid-velocity meter and pulsating 
air flow. The writer would like to ask the author to clarify the 
following points: 

(1) The fluid-velocity meter actually consists of three orifices 
in series, since valves 6 and 9, Fig. 1, are restrictions. They are 
also subject to pulsating differential pressures. Will the author 
show mathematically, from the equation of the flow through 
three resistances in series, how the flow is affected by intermediate 
pressure pulsations? 

(2) Does the water flow change when the area through the 
gage lines is restricted to such an extent that it effectively elimi- 
nates pulsations, the two valves 6 and 9 remaining fixed? If it 
does, how much change occurs, and do the two water legs become 
unbalanced? 

(3) Was the fluid-velocity meter checked for accuracy by any 
method other than the cut-out disk? For example, it would be 
interesting to make a check in a duct having a rotating butterfly 
valve some distance back from the pitot station, the gas having 
been previously metered accurately. 

(4) How does the author account for such excessive pulsation 
from the blower on which he made his experiments? Referring 
to Fig. 5b, with the blower alone, Vo/Vav is almost 1 at the lowest 
speed reported, 800 rpm. The values of Vo/Va» plot a straight 
line on semi-log paper. Extrapolation values for lower speeds 
indicate that at 600 rpm the air reverses and reaches a speed in 
the reverse direction of 25 per cent of the average forward ve- 
locity. This is astounding and should certainly be checked with 
a vibrograph, phonodyke, or some similar type of recording de- 
vice which has been successfully used for such records in the past. 
Has the author made similar measurements on commercial-type 
fans of larger sizes, and if so, what was the magnitude of pulsation 
found? 

(5) Did the tests on this blower at different speeds indicate 
that the fan laws apply when the flow pulsated? If they do not, 
the present practice of checking performance at reduced speeds 
will have to be discontinued. 

In conelusion, it might be well to point out that it is not an es- 
tablished fact that pulsations in the discharge of air blowers as- 
sume serious proportions. H. F. Hagen’s paper,‘ to which the 
author makes frequent reference, attributed large errors in pitot- 
tube velocity measurements to pulsating flow, but it was pointed 
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4**Pulsation of Air Flow From Fans and Its Effects of Test Pro- 
cedure,”’ by H. F. Hagen, Trans. A.S.M.E., vol. 55, 1933, paper 
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of the total error. 


DISCUSSION 


out in the discussion of Mr. Hagen’s paper (fourth paragraph, 
page 111) that the vibrograph records showed pulsations, the 
magnitude of which would account for only a very small fraction 
The experiments of Lionel 8. Marks, recently 
reported in A.S.M.E. Transactions for November, 1934, paper 
PTC-56-2, indicated that the errors attributed to pulsating flow 
were due to other causes. 


Lionet S. Marks. The theory of the instrument developed 
by Mr. Bailey demands that the instantaneous static and impact 
pressures be exerted at the instrument or that the difference be- 
tween the two be maintained at the instrument. This does not 
seem possible of achievement with rapid pulsation, primarily on 
account of the small size of the static-pressure orifices. The 


author speaks of increasing the static-orifice area but, even if 


carried to the limit at which the static pressure will be registered 
accurately, this would not give an opening adequate for the 


" purpose. 


It would seem desirable to verify the indications of this in- 
strument by determining independently the true average air ve- 
locity by a nozzle or other means. A possible method of verifi- 
cation would be to measure the same air quantity at two stations, 
for example, in a duct and, later, in a nozzle of not more than 
half the duct diameter. With pulsating flow, the volumes de- 
termined from the effective velocities at these two stations are 
different; the volumes determined from the average velocities 
should be the same. 


H. F. Hacen.* The curves of Fig. 5 in the author’s paper 
indicate a possible explanation of the not infrequent reports of 
tests of fans, particularly propeller fans, that do not follow the 
accepted fan laws with change of speed. The author’s results 
show an increasing pulsation effect with reducing speed and his 
explanation of increased damping at higher frequencies is en- 
tirely reasonable. The relations between the fan performances 
wide open, and at the reduced orifices, showing decreased pulsa- 
tion with increased resistance, agree with the writer’s findings 
in many tests comparing pitot-tube traverse and nozzle volumes. 

The nature of air flow from fans is apparently an extremely 
complicated phenomenon. The author has found indications of 
severe pulsation in a fan discharge. In Professor Marks’ paper’ 
are described peculiar spins indicated by a direction tube. A fan 
test seemingly must guard against both these actions. The new 
instruments developed by the author, therefore, seem a necessity. 

The writer built an arrangement described in the third para- 
graph of the author’s conclusions for the purpose of decreasing 
noise. There was no difference either in noise or performance 
between the rotors with blades staggered or in line. 


AuTHOR’s CLOSURE 


The questions on the theory of the instrument, asked by 
Messrs. Moss and Hardie, can best be answered by considering 
what would take place if a cyclic air velocity of amplitude Va 
and frequency w were applied at the open end of the air tube lead- 
ing to the instrument. The amplitude of the cyclic-pressure 
wave of the same frequency which would reach the water surface 
can be shown mathematically to be Ve VV PaHa where Pais the 
mass density of air and Ea is the bulk modulus of elasticity of 
air. Any damping due to fluid friction would reduce this am- 
plitude; but for simplicity, damping is being ignored. 


5 Professor of Mechanical Engineering, Harvard University, Cam- 
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7“Air Flow in Fan Discharge Ducts,’ by Lionel S. Marks, 
Trans. A.S.M.E., November, 1934, paper PTC-56-2. 
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If the openings from which water can escape or enter the water 
chamber are small compared with the tube diameter, as they are 
in the instrument, it can be demonstrated mathematically that 


the amplitude of the pressure wave of the same frequency which 


is transmitted to the water, approaches very closely to Vw \/ PoE w 
pp 


where V is the amplitude of the cyclic water-velocity wave 
which results, Pw is the mass density of water, and Hwis its bulk 
modulus of elasticity. Since the instantaneous pressures of the 
surface of contact of the air and water must balance, it follows 


that, 
+: | PaEa 
M Veuie 


This indicates that for ordinary frequencies of pulsation, the 
cyclic air motion does not appreciably penetrate the more dense 
and less elastic water. At very low frequencies, the amount of 
water that would be discharged or taken in through even the 
very small orifice used during any half cycle, becomes large 
enough to cause a rapid and appreciable motion of the water sur- 
face. This lower frequency limit is approximately 5 cycles a 
second for the instrument described. 

On the other hand, if a steady air velocity Va impinges on the 
open end of the air tube, the resulting water velocity through 
the orifice would be given by 
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From this it is apparent that any cyclic air velocity is sealed 
down by the action of the water 120 times as much as is a steady 
air velocity. It is the conviction of the author that the real ex- 
planation of the instrument is that the cyclic air velocity does 
not penetrate the water and that the flow through the orifice is 
practically steady and is affected very little by the cyclic compo- 
nent. 

At low frequencies, this cyclic component of air velocity does 
penetrate to the orifice, with the result that the water surface in 
the gage glasses oscillates and the instrument becomes useless. 
The instrument can probably be designed for slightly lower fre- 
quencies by decreasing the orifice size and increasing the size of 
the gage glasses. 

In reply to the question by Dr. Moss on the technique of op- 
erating the instrument, it may be said that considerable practice 
is required to adjust the two valves, watch the two water columns, 
keep an eye on a stop watch, and handle the graduate for col- 
lecting the water; but once the skill is acquired, more consistent 
results are obtainable than are possible with a manometer be- 
cause the instrument effectively averages the small variations of 
speed that usually occur in most testing. 

The points involved in questions 4 and 5, asked by Mr. 
Hardie, can best be cleared up by a brief résumé of experimental 
work that has been carried on since the paper was published. 
A series of careful tests at low air velocities showed a consistent 
discrepancy which caused the method of calibration to be re- 
studied. As explained in paragraph 2, column 2, page 782 of 
the paper, the head for calibrating the instrument was obtained 
by holding the two column heights at different levels. When 
the head for calibration was created by an air pressure which was 
also connected to a manometer for measurement, and the water 
levels in the two columns were made equal as they are in actual 
operation, a different calibration curve was found. It was 
raised 15 per cent above the one shown in Fig. 2, page 782, at a 
discharge of 20 ce per minute, and 4 per cent above at a dis- 
charge of 100 ce per minute. 

A very careful study of the technique previously used in eali- 
brating the instrument revealed that the method followed indi- 
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cated a head that was smaller than the actual head by an amount 
equal to twice the capillary head of the glass tubing used in the 
instrument, Later, it waa found that by properly manipulating 
the water colurns during calibration to eliminate this effect, the 
same calibration was obtained by the two methods, 

When the data used in the ealewlation of Hig, 5 in the paper 
were referred to this corrected enlibration curve, it was found that 
for the blower there was no detectable pulantion under any of the 
conditions of operation, All values of Va» were equal to the 
corresponding values of Vey within a variation of 2 per cent, 
which may be attributed to laele of refinement of the work, 

When the data for the square wave form given in column 1, 
page 783, were corrected from the new calibration curve, it was 
found that for the undisturbed jet, Vav = 122.2, aa compared 
with the value Vey = 121.6, With the disk rotating, Va» = 
61,0 and Vay = 82,6, This gave a value of Vav/Va = 0.78 
for the square wave, a8 compared with the theoretical value of 
0,707, 

Ina like manner, the ratio of Vav/Vey for the single-cylinder 
engine in Mig, 6 of the paper, had an avernge value of 0.98% when 
the receiver tank was used, and 0.77 for the directeintake menaure- 
ment, 

‘The propeller testa shown in Migs, 7 and # of the paper showed 
no appreciable pulsation when this connection was made, 

This experimental blunder in the calibration of the inatrument 
cnused the author to draw misleading conclusions about air 
blowers that he is very happy to eorrect, Tt ia believed that the 
field of application of the instrument ia primarily the mensure- 
ment of air to internalecombustion engines and the intake and 
discharge of reciprocating machines, A comprehensive experi- 
mental program is under way, that is designed to improve and 
simplify the instrument and study in detail the action of pitot 
tubes, nozzles, and orifices, both on intake and exhauat, when the 
Airis pulsating, It is felt that the worle will result in a very use- 
ful contribution to the art of air measurement, 


The Relative Grindability of Coal’ 


ht. M, Hanponove.® The authors’ contribution on the grind- 
ability of coal has developed some points whieh mny nasist tox 
ward the standardization of a uniform method for making this 
determination, 

The authors’ experienes with an Abbé Mill confirma our own 
experience of seven years ago nnd also the experience of Yanoey, 
of the Bureau of Mines, in that the resulta are spotty unless 
lifting ribs are used, 

The development of the 3000-faetor for the fraction leas than 
300 mesh is very interesting, ‘The L000-fnetor used in our method 
was chosen arbitrarily to give results that generally agreed with 
pulverizing practios, As we learned more about the subject we 
found that this factor was still too large, In the writer's paper, 
presented before The Amerioin Society of Mechanical Wnginesrs 
in Chicago, 1933, this question was discussed thoroughly and it 
was shown that pulverizer capacities at 100 grindability are 
only about 60 per cent more than those at 50 grindability for air- 
swept pulverizers, i.6,, the range is greater than practical results 
warrant, The most thoroughly senvenged pulverizers, na used 
in closed-circuit systems, however, do approach enpacities pro- 
portional to the grindability seale, The use of the 3000 faetor 
instead of 1000 naturally inerenses the range of the grindability 
scale and, therefore, makes the agreement between it and actual 
pulverizer capacity still more of an arbitrary relation than it is 


' Published as paper PAP-S56-15, by 1, J, Sloman and A, C, Barn. 
hart, in the October, 1044, issue of the A.S.M.18, Transaetiona, 
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now. ‘There does not seem to be any good reason for changing 


the 1000-factor now in use. 

The particle-size distribution differs widely in Figs. 4 and 5. 
Nig. 4 is that obtained with the roll and would represent a factor 
of 1300-1500, Fig. 5 is based on an Abbé Mill and represents a 
factor of 2500-3000. This difference would be expected with 
these types of machines but the writer cannot understand why 
the authors use the 3000-factor with the roll machine. 

The comparative results in Table 11 are plotted in Fig. 1, 
using a multiplier of 0.25 for the F.R.L, method and 0.17 for the 
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sired size of minus 200-mesh. 
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hs that one important requirement of a satisfactory and reliable 


Cross method which brings all results together at 52 grindability. 
From this graph it is evident that samples four and six are (oo 
low on the C.I.T. curve. 

The general trend of the C.L-'T, line shows the wider range, as 
compared to the writer's, due largely to the 8000-factor used in the 
C.LT. method. The high values at 100 grindability are espe- 


cially noticeable. 


. In Fig. 2, the C.1.T. values of all 15 samples in Table LL are 
plotted against the F.R.L. values as a base. 

Assuming the F.R.L. values to be consistent, it would look as 

though the C.I.T. values fall on two distinet lines. We have 
obtained similar results in working with an Abbé Mill and it was 
attributed to either slippage or coated balls, and we rather suspect 
that the low points in this series are low because the roll, or the 
plate became coated and thereby cushioned the grinding. 

The results are not equal in consistency to the P.R.L., the 
Cross, the Bureau of Mines, or the Hardgrove methods, and the 
seale is not nearly as close to the commercial results as the Bureau 
of Mines or the Hardgrove methods, The Bureau of Mines 
method has many desirable features and checks very well with 
the Hardgrove method, but has the one disadvantage of being 

_ tedious and costly to run. The time required to make a test by 
the C.I.T. method as proposed by the authors of the paper being 
discussed, is even longer than is required for our method, The 
C.LT. method would seem to be open to more variation in re- 
sults depending upon details in manipulating the roller. 


G. B. Goutp.s Although the work of Messrs. Sloman and 
Barnhart is interesting and valuable, there are two serious ob- 
jections to the method they propose. It appears that their index 
is based upon a method of grinding which reduces only a amall 
part of the sample to minus 200-mesh, 

While it may be possible to demonstrate by a series of experi- 
ments that such a method yields reliable results, it is, in my 
opinion a dangerous one to rely on in dealing with a material like 
coal, which is not uniform in structure or hardness, On the con- 
trary, coal, as it is mined and shipped, is a mixture of portions 
of a seam which often differ materially in these respects, 

To take an extreme and impossible condition for purpose of 
illustration, if a sample composed of 75 per cent diamond chips 


and 25 per cent fusain were subjected to test by this method, a 


high grinding index would result, reflecting not at all the great 
amount of work required to reduce the major portion to the de- 
Coal is a material similar to this 
hypothetical mixture, only differing from it in the range of 
hardness of its various portions. 

For this reason, we have believed from the beginning of our 
experimental work on pulverizing-test methods several years ago 


method is that at least 80 per cent of the entire sample of the most 
easily pulverized coal should be reduced to minus 200-mesh, 
The disadvantage of assuming that the reduction in sire 
resulting from a very slight grinding effect ean be reliably pro- 
jected for the whole sample is also present in the method proposed 
by Hardgrove, but the error, if any, is magnified in the method 
here proposed by the high value given to the superfines, 
Assuming that the values assigned to the sixes below 200- 
mesh are theoretically correct, the accuracy of the final index 
depends to a high degree upon the separation and mensure= 
ment of sizes as small as 300-mesh, From the standpoint of 
practical commercial laboratory practice, the accurate sereen- 
ing of coal through a 300-mesh sereen is out of the question, 
By striving to simplify and minimize the grinding work, the 


1 Prosident, Fuel Bngineering Company of New York, New 
York, N. ¥. Mem. A.S.M.E. 
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ipl 


difficulties of accurately measuring the result are greatly ac 
centuated, 

The adoption of a fixed sereening period would be found un 
satisfactory if the experiments had been extended over a wider 
range of coals, We tried that but found that some coale, whea 
pulveriaed, are of a very gummy nature and are sereened Chrough 
even a 200-mesh sereen with great difficulty 

The unsatisfactory results reported with the pebble mill by 
Mesets. Sloman and Barnhart, as well aa by THardgrove, do not 
indicate any inherent unfitness of this (ype of mill for Che pur 
pose. 

The method proposed by Yaneey employe the pebble mill with 
very successful results, and has (he advantages of reducing every 
sample to SO per cent through a 200smech sereen, and requires 
sereoning only through that one sereen, Prom a praetieal com 
mercial standpoint, the primary requirement ie to reduce the 
major part of the whole quantity o minus 200 moah, and Yaneey'a 
method measures the work necessary (0 do that in a simple and 
direet manner 

Onntwwon Crarat Manufacturers of pulverised-coal equip 
mont realize keenly the necessity of knowledge concerning the 
grindability of the various eoala to be used in planta in whieh 
coal is fired in powdered form, 

R. M. Uarderove in his paper, “CGrindability of Coal,’* gave 
the industry definite information whieh was of very great value 
The main value of Mr. Hatdgtove'a paper lay in the fact that 
he pave figures of relative grindability for a large number of 
conla, ‘This was of more practical value than the etatement of 
the method by which the figures were arrived at, 

So far as the manufacturers are coneerned if ia of more in 
portance that the order of coals as to erindability be known than 
the absolute values be known, Any ayelem whieh will place 
coals in their proper order of grindability and give reasonably ao 
curate values and whieh at the same time makes the values easy 
to determine, ia the most desirable from the manufacturers’ 
viewpoint, Mr. Sloman and Mr Harnhart have proposed a 
method whieh ean be used by any manufacturer ov user of coal 
pulverizing equipment, 

Tt ia our opinion that some method ahould be atandardised 
and adopted by the Society as the reoognived method for dle» 
termining relative grindability of coal and it ia eertainly deair 
able that euch a method be reduced to the simplest possible form 


Avynona’ Choaui 


Mr, Uardgrove’s discussion of the development of our 4000 
factor for minus 800-mesh coal should be amplified by the follow 
ing explanation, Tn our Fig, 4 where minus s00 meah eoal was 
obtained with the roll and plate, it ie true that the faotor was low 
Roonuse of limited rushing action in the voll teat we found that 
there was not a eufieient quantity of minus SO0smesh coal pro 
duced to perform a satiefactory determination of particleesise 
distribution in that sive of eoal, Tn order to obtain a sufficient 
range of sine in minuet00-mesh eoal, ih was necessary to tae the 
product from a pebble mill ‘Thies determination was hy the 
sedimontation-veloeity method and waa deseribed in the latter 
half of out paper. 

Mr, THardyrove’s discussion of our 8000 factor doea nol eupgwest 
the retention of his LO00-faetor, but rather the improvement of 
performance of commercial pulveriaing eyelens toa point where 
they may make full use of (he properties of the oonle whieh may he 
fed to the milla, We do tot agree that any erindahility. eeale 
should be brought into line of agreement with exieting machine 


4 Wopineer, Riley Stoker Corp, Woreestor, Mase Men 
’'Grindability of Coal, by 1M, THardgrove, Trans 
vol, 64, 1042, paper WAP SS4-h, 
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performance becnuse the expected future improvement in pul- 
verivers would render such a seéale worthless. Mar, Hardgrove has 
elated that with the tse of closed circuits and thoroughly seav- 
ened machines Capacities are realized proportional to his grind. 
ability seals, Our factor of 3000 was determined by experimentas 
Lion as the proper one to use for mints-300-mesh coal While 
this factor does inervense the ronge of the grindability scales 
that have been proposed previously, this increase of range is 
desitable inmemuch as a grenter differentiation may be obtained 
with couls of nearly the same grindability. 

fi Meo Unrdgrove’s Mig, tall results are brought together at 52- 
windability by the arbitrary choice of faetors. In this case it 
would be expected to find a wider range of grindability with the 
CLi'T method beenuse of the ise of the 8000-faetor, Mr. Tard. 
wove line plotted his values os a straight line, but should any 
other sel of values from the remaining methods be so plotted, the 
vatinbion would be quite ae apparent as in his graph. This plot 
his no inherent value and the fret that samples 4 and 6 are too 
low on the O11. curve, as plotted on his Wig. 1, has no signifies 
AO 

Mer. Hardurove's Wig, 9 is plotted with the assumption that the 
With, values ave consistent and the O.1.T. values are shown as 
falling on two distinet lines, We have plotted Mr. Hardgrove’s 
eivht values from our Table tf) and, in comparison with the 
With. method, his values also fall on two distinet lines with 
wrenter divergence than the O.LT. method, Nothing is proved 
bit the arhittary assumption of the acourtnaey of the WRT. 
method 

We nuiee that there is some cushioning between the plate and 
voll of the CLIT method, but we also assert that there is less 
cushioning and atteition in this method than in any of the other 
proposed methods, The best that can be hoped for is to reduce 
Cushioning bo a minimum insemnuch as it cannot be eliminated 
entirely 

Contrary to the opinion expressed by Mr. Hardgrove, the 
vitintion in the results of the O.1T. method depends very little 
upon details in manipulating the roller, "Chis is evident from the 
resulls quoted in the paper where three different operators 
checked very Glosely when using the same coal, 

The (ine taken to aetually perform a test is less than any other 
proposed method, We stated in the paper that 90 minutes were 
required to make complete duplicate tests; this ineluded sereen 
wiuilysis, Weighing, and enleulations, The aetual grinding with 
the voll oan be aecomplished in less than one minute, 

The dita obtained by Th 1. Yaneey et al do not substantiate 
(he opinion expressed by Mr, Gould that it is necessary for 80 
per cont of a muaterial to pass through 200-mesh,  Doetor Yancey 
of the U, 4. urea of Mines, in his paper presented before the 
ALM. in Mebroney, 1084, showed that plotting cumulative 
per cent passing 200 mesh againesh the number of revolutions of 
(he mill gave wstialght line tp to 50 percent ov more through 200 
mesh, depending upon the grinding eharneteristios of the pars 
Hieulae cont, and abated that the slope falls off at higher percent- 
ives, probably die to inorensed weight of unfinished material and 
acmumulation of material harder to grind, The data from Doetor 
Vouneey's paper indicnte (hat the hypothetioal case of Mr, Gould's 
mixture of 75 per cent diamond ehips and 26 per cont fusain has 
no appliention in Gomlgrindability testing, Coals which are 
shipped today do not have large percentages of hard extrancous 
materintas in Me, Gould's nasumption, 

Mr. Gould Uhinke if ie impractionl to sereen coal through 800 
imesh anc adopt va definite sereening period.  ‘Phis might be true 
if fO0-e0im samples were ised as in the Bureau of Mines method, 


Hlowever, When @0-pram samples were used as discussed in the 


‘ 


paper, no difficulty was experienced. ‘The data given in Table 6 
show that by simplifying and minimizing the grinding work, the 
difficulties of accurately measuring the results have not been 
greatly accentuated, 

In vegard to the Bureau of Mines method, we agree with Mr. 
Hardgrove when he mentions the disadvantages of its being 
tedious and costly to operate. The Bureau of Mines method re- 
quires the handling of the sample too many times, resulting in the 
loss of fine coal and difficulty of cleaning mill and balls. We 
feel that this method would require more rigid technique than the 
average consumer would care to provide. 

In closing, we again wish to stress the simplicity and ease 
of duplication of the C.L.T. method, and one which does not 
call for expensive special apparatus nor a high degree of skill to 


operate, 


Further Experiments on the Varia- 
tion of the Maximum-Lift Coefficient 
With Turbulence and Reynolds’ 


Number’ 


I. A. Srankwr. The investigations condueted by Dr. 
Millikan on the value of the maximum-lift coefficient have been 
very important, As to the behavior of the three airfoils, U.S.N. 
PG, Clark Y-18, and N.A.C.A. 2412, it is pertinent to consider 
the stagnation point on the lower surface of the seetion. A high 
arching of the mean-camber line will shift the stagnation point 
rearward so that in the ease of the highly cambered section, the 
flow going over the upper surface will travel a greater distance 
than in the ease of the low mean-camber section. There will 
consequently be time or distance in which the boundary layer may 
become turbulent. On a flat plate the turbulence would just 
be forming at the trailing edge fora Reynolds number of 500,000, 
(he value at whieh Dr. Millikan’s eurves begin; but for a flow 
about a wing nose the turbulence would oceur mueh earlier. It 
would appear that the highly cambered wing, already having the 
mochanics for generating its turbulence, would benefit little from 
additional turbulence introduced into the airstream. It would 
also appear that a wing section of low mean-camber height would 
be benofited by a flap to a greater extent that a highly cambered 
wing. ‘The above observations appear to be borne out by Dr. 
Millikan’s experiments since wing U.S.N. P6 has a value of the 
moan camber line of 9.2 per cent, while Clark Y-18 and N.A.C.A. 
2412 have only 4 and 2 per cent, respeetively. The presence of a 
depressed flap may also be considered as converting a given wing 
section into a more highly cambered one. 

It thus appears that certain assumptions should be made about 
the behavior of both the upper- and lower-surface stagnation 
points. It may be that the assumption that the upper-surface 
stagnation remains at the trailing edge will prove sufficient, 
but it is, of course, possible to have an orderly travel of this 
point forward and yet preserve a straight-line lift curve. In 
fact, this is what experiment actually shows. It seems to be 
more desirable, however, to use the simpler assumption, at least 
until the effeet of the lower stagnation point is investigated. It 
might also be that a connection with the location of the most 
forward center of pressure position could be established. 


1 Published as paper AWR-56-14, by Clark B. Millikan, in the 
November, 1934, issue of the A.S.M.E, Transactions. 
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Some Physical Properties of Water 
and Other Fluids 


By ROBERT L. DAUGHERTY,! PASADENA, CALIF. 


Absolute and kinematic viscosities of various liquids 
and gases as functions of temperature are shown by 
curves plotted on the same diagrams to the same scales 
so that these properties for different fluids can be readily 
compared. 

Pressure, volume, and temperature relations for water 
are shown graphically, as are values of the volume modulus 
of elasticity for a wide range of pressures and tempera- 
tures. From recent data presented by Smith and Keyes 
it was possible to compute values of the specific heat of 

water for all temperatures up to the critical and for all 
pressures from saturation up to 350 atmospheres. These 
values are here shown. 


viscosity but, although much has been published on the 

subject, the material as presented is tabulated in dif- 
ferent units or shown on charts with different scales. Further- 
more, different classes of fluids, such as gases and liquids, have 
been shown separately, so that it is not at all obvious as to how 
they compare, one with the other. 

The writer, therefore, thought it would be of interest to engi- 
neers to gather together data on fluids which differed widely and 
to plot all of it on one chart to the same scale so that their relation- 
ships could be seen at a glance. In Fig. 1 are shown the viscosi- 
ties of such dissimilar fluids as mercury, hydrogen, air, residuum 
or fuel oil, ammonia, and brine. These are all fluids that are of 
interest to the engineer. Furthermore the viscosity curves for 
saturated water and saturated steam have been joined at the 
critical temperature to illustrate the way in which the viscosities 
of all liquids and their vapors must coincide at the critical point. 

It may be noted that the viscosity of either a liquid or a gas is 
practically independent of pressure for a moderate pressure 
range such as is ordinarily encountered in engineering work, but 
for very high pressures of the order of several thousand pounds 
per square inch there is an appreciable variation, especially in the 


()* of the important physical properties of all fluids is 


case of liquids. But even then the change in viscosity is only a 


small fraction of the viscosity values shown in Fig. 1. 


1 Professor of Mechanical and Hydraulic Engineering, California 
Institute of Technology. Vice-President, A.S.M.E., 1928-30. Pro- 
fessor Daugherty was graduated in mechanical engineering from 
Stanford University in 1909 and received his master’s degree in 1914. 
He was assistant in mechanics at the University during 1907-1908; 
assistant in hydraulics, 1908-1909; and instructor in mechanical en- 
gineering, 1909-1910. From 1910 to 1916 he was assistant professor 
of hydraulics at Cornell University, resigning to become professor of 
hydraulics at Rensselaer Polytechnic Institute. Three years later 
he joined the faculty of the California Institute of Technology as 
head of the mechanical engineering department. In addition to 
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Contributed by the Hydraulics Division and presented at the 
National Aeronautic-Hydraulic Meeting, Berkeley, Calif., June 19, 
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cepted until September 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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In most engineering problems one is concerned with the ratio 
of viscosity to density, and this ratio is called kinematic viscosity. 
Since the density of all gases varies in a marked manner with the 
pressure, it is obvious that the kinematic viscosity of a gas is at- 
fected greatly by the pressure. Values of kinematic viscosities 
are shown in Fig. 2, and it is very interesting (0 compare these 
values with those in Fig. 1. Thus hydrogen which gives the 
lowest curve in Fig. 1 appears near the top in Fig. 2, while the 
lowest curve in Fig. 2 is for mereury. Of course for a gas one 
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may draw any number of curves for 
kinematic viscosity, depending upon the 
pressure chosen, such as is illustrated in 
Fig. 2 by air at atmospheric pressure and 
at 100 lb per sq in. 

It is also interesting to note in Fig. 2 
that at a temperature of about 200 F the 
kinematic viscosities of residuum, lubri- 
cating oils, heavy crude oils, saturated 
steam, and air at atmospheric pressure, 
as well as methane and therefore natural 
gas, are all approximately the same. 
Thus in the case of flow in a pipe line 
they would all have about the same 
Reynolds number for the same pipe size 
and velocity of flow and, therefore, 
would have about the same friction factor. 

Another important property of fluids 
is the relation between pressure, volume, 
and temperature. This relationship is 
very simple in the case of the ideal or per- 
fect gas and in so far as actual gases may 
be assumed to follow the perfect gas laws, 
the problem offers no difficulties. But 
vapors, which depart widely from per- 
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fect gases, cannot be treated so simply and neither can liquids. 
So far as our present knowledge goes these relationships are com- 
plex and are also purely empirical. In the upper right-hand 
corner of Fig. 3 is shown the field covered by the known data for 
water. P. W. Bridgman has thoroughly covered the range from 
0 to 95 C from 500 atmospheres up to 12,000 atmospheres, while 
L. B. Smith and F. G. Keyes have measured these properties 
from 30 to 360 C and for pressures up to 350 atmospheres. Ap- 
parently Bridgman extrapolates back to saturation pressure, 
while Smith and Keyes extrapolate down to 0 deg temperature. 
Thus values as given by these two sources do not agree precisely 
in the field of low temperatures combined with low pressures, and 
the accuracy of values given by either may be questioned in this 
range. A limited amount of data has been determined in this 
low-temperature low-pressure field by several investigators such 
as Amagat and Tyrer. On the other hand no data at all have 
been determined for very high pressures combined with very high 
temperatures. While such a combination might be of great 
theoretical interest, it is fortunately of small practical value. 

The lower portion of Fig. 3 shows Bridgman’s values in more 
detail and to the same scale is shown a small portion of the Smith 
and Keyes data. 

The compressibility of gases is important because of the mag- 
nitude of the volume changes. The compressibility of solids is 
very small, but in many cases of engineering structures even small 
changes in dimensions may result in stresses so great that they 
cannot be neglected, small though they be. 

In the case of liquids their compressibility is often of small 
practical importance and hence this property is frequently ig- 
nored. However, it is of interest to note, for instance, that water 
is about 100 times as compressible as mild steel. But air at at- 
mospheric pressure is 20,000 times as compressible as water, and 
at 300 lb per sq in. it is still 1000 times as compressible. 

A practical case where compressibility of water is important 
is in the study of water-hammer phenomena. The volume modu- 
lus of elasticity, which enters into formulas dealing with water 
hammer, is the reciprocal of the coefficient of compressibility. 
For a perfect gas it may be shown that its isothermal volume 
modulus of elasticity is equal to the absolute pressure of the gas, 
but for other fluids calculation of the values is more involved. 
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In Fig. 4 are shown values of the isothermal modulus of elas- 
ticity for water at various temperatures and pressures. In the 
case of water hammer the action is practically adiabatic. The 
value of the adiabatic modulus may be obtained by multiplying 
the isothermal value by c,/c,, the ratio of the specific heat at 
constant pressure to that at constant volume. Values of this 
ratio are given in Fig. 7, which shows that for the temperatures 
usually encountered in such problems the difference between the 
two moduli is less than 2 per cent. This is really less than the 
uncertainty as to the correct value of the isothermal modulus it- 
self, as may be seen in Fig. 5. Also any uncertainty as to the 
proper value of the modulus for water is less than the uncertainty 
as to the value to be used for the pipe line in connection therewith. 
The construction of a pipe line with joints, saddles which restrict 
movement, and other similar features makes the pipe as a whole 
behave differently from what it would if it werea homogeneous 
structure. 

According to the Bridgman data, the value of the isothermal 
modulus at any one temperature increases with the pressure al- 
most as a straight line, even up to 12,000 atmospheres. Hence 
the lines in Fig. 4 could readily be extended, if desired. From 
the Bridgman and Tyrer data the value of K at any given pres- 
sure is found to increase from 0 deg up to a maximum value at 
about 50 C and then to diminish again, while the Smith-Keyes 
data show that it continually decreases at an increasing rate as 
higher temperatures are reached. 

Values of K as a function of temperature according to various 
observers are shown in Fig. 5. An approximate arithmetical 
determination of the modulus from the pressure-volume data di- 
rect involves very small differences between large quantities. 
Hence any slight error in the volumes is much magnified when 
differences are taken. Therefore the derivative of the pressure- 
volume curve is very much less accurate than the curve itself. 
This accounts for the discrepancies observed in Fig. 5. 
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The values of K so far shown are so-called “instantaneous”’ 
values, that is, they apply to an infinitesimal change of volume 
only. From the definition of K = V (dp/dV) may be obtained 
dV/V = dp/K. The integral of dV/V is log, V2/Vi, but to 
evaluate the integral of dp/K it is necessary to resort to graphical 
methods. Values of 1/K may be plotted against simultaneous 
values of p as obtained from Fig. 4. The area under this curve 
between the limits of p; and p will then be the value of log, V/V, 
from which V2 may be obtained for any pressure change from 7; 
to pe, assuming V; to be known. 

If curves of (1/K,,) were constructed as functions of pressure for 
various temperatures, where K,, is a mean value from some fixed 
initial pressure i, it is obvious that the value of loge V2/V; could 
then be obtained by multiplying (p2,— p:) by the value of (1/K,,) 
corresponding to >. 

2 
Vv, where 
K,, is a mean value for the pressure range concerned. This 
equation is not correct theoretically, but it may be shown that if 
(V1 — V2) is 1/10 of Vi the value of (V; — V2) computed by it will 
be 4.8 per cent too high. As the change in volume becomes 
smaller the error in this formula rapidly diminishes, so that it may 
often be used as an approximation. 

Some thermal properties of water and steam are shown in 
Figs. 6 and 7. The values are for the various specific heats and 
are given in this paper because they are derived in large part from 
the pressure-volume-temperature relations such as those in Fig. 3. 
Since the specific heats involve second derivatives there may 
be some question as to the absolute accuracy of the values shown, 


There is often given the expression K,, = V1 a 
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but at least they show the way in which these quantities vary. 

The values given in both Figs. 6 and 7 are instantaneous values. 
Mean values for any given range could be obtained by graphical 
integration. The saturation curves are of course merely the loci 
of the terminal points of a series of constant-pressure curves. 
The saturation curves for both water and steam for the specific 
heats at constant pressure approach infinity at the critical tem- 
perature. On the other hand the specific heat at constant volume 
may have a large value at the critical temperature, but it is still 
finite. 

For pressures above the critical the specific heat of water at 
constant pressure is finite at the critical temperature, and the 
higher the pressure the less the maximum value attained by a 
given curve. However there is a complete absence of actual 
data in this region and the dotted curves are merely hypothetical. 
The critical pressure is about 220 atmospheres or about 3224 Ib 
per sq in. The highest pressure for which data now exist is 
350 atmospheres and does not go beyond 300 C, but the dotted 
curves correspond to very much higher pressures and tempera- 
tures than these. 

For moderate temperatures the ratio of c,/c, is apparently 
very nearly independent of the pressure. But at the critical 
temperature the saturation value would be infinite, while that 
for a pressure above the critical would be finite. Hence the 
values of this ratio for different pressures must diverge very 
greatly as the critical temperature is approached. 

It is surprising that for a substance as common as water, and 
of so much importance to us, there is still so much uncertainty 
about exact values of many of its properties. 
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Propeller Pumps 


By M. P. O’BRIEN! anp R. G 


This paper presents a simplified method of design with 
performance prediction throughout a reasonable portion 
of the operating range near the design point of propeller 
or axial-flow pumps. The results obtained by this method 
are compared with test characteristics for a known pump 
and very good agreement obtained. Cavitation phenomena 
are not considered. 

The system of computations is based essentially on the 
propeller-blade element theory as used by Pfleiderer. The 
assumptions involved are clearly stated and the validity 
of each discussed. A theoretical proof for the desirability 
of constant total head being developed over the propeller 
disk is given. A sample computation is included which 
clearly illustrates the application to an actual pump. 

Equally good agreement was found in computing the 
characteristics of a propeller fan. 


HE theory of propeller pumps may be developed from 

two essentially different points of view. One treatment 

starts from a theory applicable to an infinite number of 
blades and applies a correction for real conditions. The other 
starts from the lift and drag exerted by streamlined sections 
and corrects for the interference of adjacent blades. The latter 
conception forms the basis for the computations included in 
this paper. 

The method of computations is essentially that used by 
Pfleiderer’ with, however, modifications which result in a better 
agreement between the computed and measured head-capacity 
characteristics. Many of the basic principles involved have 
been discussed in a recent paper by Spannhake* and will not 
be repeated here. The original aim was to compare measured 
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results with those computed from a very simplified theory and 
give an indication of the direction and magnitude of the correc- 
tions that must be applied. The discrepancies between theory 
and measurement were found to be so small as to indicate that 
the simplified theory provides a practical method of design. 

Data on a 20-in. pump of the Pfleiderer type were furnished 
by the Byron-Jaekson Company for making the comparison. 
The method outlined is applicable to any similar type of axial- 
flow pump, provided the aerodynamic characteristics of the blade 
sections are known. 

Cavitation is an important factor in the operation of propeller 
pumps. In the computations which follow it is assumed that 
the pressures are everywhere sufficient to prevent the formation 
of cavities. 


Basic EQUATIONS 


The fundamental equation for the operation of centrifugal 
pumps (radial, mixed, and axial flow) is obtained from the 
principle of torque and angular momentum. As applied to 
fluid problems, the equation is 


AT = 7 gra oC ee oe ew 


If the discharge is imagined to be divided into small elements 
AQ, the quantities Vusrs and Vuoro for the elements may vary 
both radially and with position between the blades at a constant 
radius. Equation [1] is often stated to be valid only for an 
infinite number of blades but this view is not correct; it has 
the same validity as Newton’s equations of motion and the 
reason for assuming an infinite number of blades is that the 
velocity component V,, can then be specified. This distinction 
is unimportant perhaps but it places the application of the equa- 
tion on a somewhat different basis, in that the problem is to 
find methods for predicting the component V, rather than to 
devise corrections which will make Equation [1] valid. 

Integrating Equation [1] so as to take into account the varia- 
tions mentioned, the actual torque is 


7Q 


T 0 (Vusrs — Vworo) ac eseetavedase ea wish.) [2] 


Multiplying by the angular velocity and equating the result to 
the power output, gives as the equation for the head developed 


—_ 


Hy, = -(Vusus — Visio tbo) bites x seenk ove ehh [3] 


S 


The simplified theory presented here is based upon the char- 
acteristics of airfoils and it is convenient to rewrite the pre- 
ceding equations in terms of the circulation about the blades 
so as to obtain the forms commonly used in aerodynamics. 
The circulation is the line integral of the velocity around a closed 
path and its value at a constant radius for axially symmetrical 
flow is 
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The circulation about each of the blades is 


ine = (T3 a To)/z Sen sonore saK (6] 
and 
T 
pa ee [7] 
27g 
Including the drag of the blades, Equation [7] becomes 
if 
T= eT ars tan \ COS Ba one [8] 
27g 


The lift on a unit length of one blade in an infinite row is 
L=pv,T, 


where the numerical value of V,,, is Vu3/2. Substituting for I, 


L 
T, = eee +-2erb tan) c0s BS. «2> teenie {10] 
27. 
Multiplying Equation [10] by the angular velocity and equating 
the result to the power input gives 


zLw werk tan d cos By 


H = 
4 28 7Q 


Since L is referred to unit length of blade, the discharge at any 
radius can be expressed as 


The number of blades is 27r/t and the equation for the lift is 
=i pO 62/2) Cs. 8 ane {13] 
Substituting these quantities in Equation [11] and simplifying 


A = C 


Cl Ue V, 
= cos X sin \ cos salle 
mg V, 2g cos ic a 2.) 14] 


But V,/v.. = sin B,, and 


Uv? sin (8B. +) 
V, 2g cos 


Equation [15] gives the head developed at a certain radius 
on the assumption that the flow is two-dimensional or, in other 
words, that radial flow does not occur. Equation [15] provides 
a method of estimating the velocity terms entering Equation [3], 
which may be rewritten as 


for an axial-flow pump. Here, Ha is the head developed at the 
radius corresponding to wu and the velocity terms are average 
values. 

Equations [15] and [16] apply to the conditions at a given 
radius and the next problem is to determine how H, should vary 
radially to give optimum results. The most desirable condition 
is that H, be a constant. The stability of the pressure dis- 
tribution at discharge resulting from a constant developed head 
will be investigated. Solving Equation [16] for the tangential 
component at discharge 

Ve = gH + Viio ahs. Ieee {17] 
u 
Assuming that the flow is originally axial, Vu. = 0. The pres- 
sure change between inlet and discharge at any radius is then 
Ap _ Hashes Vyo? esa Cs 
Y 29 29 2g 
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For pure axial flow, Vj. = V;s and the pressure change as a 
function of radius is 


Since all of the flow had the same pressure originally, Equation 
[19] represents the variation in pressure in the plane of discharge. 

It has been assumed here that each element of flow remains 
at a constant radius and it is now necessary to determine whether 
such a condition is possible with the pressure distribution given 
by Equation [19]. For motion in circular or spiral paths, the 
radial-pressure gradient is 


dp V2 

—\ = DiGese aa ie aki ke ead 20 
F omaha a 

H 

Substituting V, = V4 and integrating gives 

wr 

Pp gH 4° 

-= LR) 61 ieee ISAS oor 21 

2 constan aaa [21] 


The pressure variation of Equation [19] is seen to be consistent 
with that necessary for flow at constant radius and it is evident 


“DIRECTION OF 
BLADE MOTION 


a 
VELOCITY TRIANGLES 


Fie. 1 Vetocrry DIAGRAMS FOR PROPELLER Pumps 


that an axial-flow pump should be designed so as to make H, a 
constant. This requirement has not been generally adopted for 
the design of propeller pumps and fans and, in fact, some methods® 
aim at a constant pressure over the section at discharge, a con- 
dition which would result in radial flow. 

An interesting feature of Equation [19] is that it shows the 
necessity for a hub on both fans and pumps. For a constant 
developed head, the pressure drops rapidly from the tip of the 
blade inward and will reach very low values if the inner radius 
is small. 


PREDICTION OF Hfap-Capaciry CHARACTERISTIC 


The theoretical treatment of propeller pumps and fans has 
been carried to such a point as to make application difficult and 
very few experimental checks on the validity of this theoretical 
work have been published. Having this in mind, the authors 
have used a simplified theory to predict the head-capacity curve 
of a pump which had been tested and for which complete design 
drawings were available. Certain corrections were omitted 
deliberately because the primary aim was to find the simplest 


5 “The Propeller-Type Fan,’’ by O. G. Tietjens, Trans. A.S.M.E., 
vol. 54, 1932, paper APM-54-13, pp. 143-152. 
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method of design which is also reliable. The good agreement 
between theory and measurement may have been fortuitous and 
comparisons for other pumps may show that certain modifica- 
tions of this simplified treatment are necessary. Recent applica- 
tions of this method to propeller fans showed good agreement 
between computed and measured head-capacity curves. 

The assumptions upon which the simplified theory is based 
are as follows: 


1 No radial component of velocity in the pump. 

2 No rotational component and uniform axial velocity at 
entrance. 

3 Lift and drag coefficients of blade sections are the same as 
for a single airfoil with an infinite aspect ratio. The angle of 
attack is corrected for mutual interference. 

4 The shock loss on entering the guide vanes depends upon 
change in the rotational component of velocity. 


TABLE 1 GENERAL ee OF PROPELLER 


PUMP OF FIG. 


Section radius, ft....... 0.354 0.474 0.594 0.714 0.833 
Blade velocity, ft per sec 32.8 44.0 55.1 66.2 1 Gs) 
thick thin thin 
Blade sections, Gétt.... No. 387 No. 490 No. 490 No. 490 No. 490 
Section multiplication 
ESUON abate weta cat 1.287 0.800 0.655 
Approx. N.A.C.A. 
equivalent......... 6415 5311 4309 3307 2306 
Normal(Bo +a)N.A.C.A. 38° 48’ 25° 55’ Jose” W621 a7 
DB rteriniae steals elnieie(s ie)e ni 0.736 0.625 0.602 0.581 0.562 
uide-vane entrance 
BUGIS chee ese< cei Rs 54° 60° 40’ 66° 25’ 69°13’ 71° 48’ 
Number of impeller 
it ee andar e 3 
Number of guide vanes. 8 
Pump speed, rpm...... 885 
Blade radial clearance. . 0.03 in 
TO DRIVE MOTOR 
$oE BLADE 
SECTIONS 


24 CIRCUMFERENCE 


ROTA 6 


WATER LEVEL 
DURING TEST 


» 
| a 8 GUIDE VANES 
PROPELLER aoe [| 3 PROPELLER BLADES 
PLAN VIEW aaa i ‘= —< 
\ 4 SUPPORT ARMS 
DZUSN a 
Fig. 2 20-In. PropeLuer Pump of THE PFLEIDERER TYPE 


5 The friction losses may be broken into two distinct por- 
tions, namely, that caused by the drag of the propeller blades 
and that resulting from frictional resistance in the stationary 
water passages. 
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6 The head developed by the pump as a whole is the weighted 
average of the heads developed at each radius. 


Before discussing the errors introduced by making these 
assumptions, the method of computation will be illustrated by a 
numerical example based upon the pump shown in Fig. 2. The 
general characteristics of this pump appear in Table 1. Applica- 
tion of the method requires the assumption of a discharge and 
computation of the corresponding head by successive approxi- 
mation. A direct computation of the head does not appear 
possible. 

EXAMPLE 


For a discharge of 12,000 gpm, the axial velocity just previous 
to entrance to the pump is Vy = 15.0 ft per sec. At a radius 


So 
SN 


INFINITE ASPECT RATIO 
DATA FROM oe 
NACA. TR. 460 


89 - - —- 
a4 = Om aed aoe Si Om cme OL IE 


° 


Fic. 3 Inrinirs-Aspect-Ratio Data For N.A.C.A. AIRFOIL 
Section No. 4309 From N.A.C.A. TecunicaL Report No. 460 


of 0.594 ft, the blade profile is a Géttingen No. 490 airfoil section, 
the characteristics of which may be closely approximated from 
the N.A.C.A. test results given in Technical Report No. 460. 
Fig. 3 presents the characteristic curves for the N.A.C.A. airfoil 
section No. 4309 which is very nearly identical with the No. 490 
Gottingen section. Five radii were used in computing the head 
characteristics, and curves similar to those in Fig. 3 must be 
known for each section if the blade shape changes. This example 
will be carried through for one radius only since the method is 
exactly the same for the other radii. 

The operating speed of the pump is 885 rpm, and the pe- 
ripheral velocity of the blade section is 55.1 ft per sec. The next 
step is to assume a value of Hz and compute the corresponding 
head given by Equation [15]: 

Assume H, = 18 ft 

From Equation [16] with Vuo = 0 


Vus = 18 X 32.2/55.1 = 10.5 ft per sec 


Vo? = Vi? + (u— Vus/2)? = 15.0? + (55.1 — 10.5/2)? 
= 2704 (ft per sec)? 


TABLE 2 COMPLETE COMPUTATIONS FOR THE 20-IN. PFLEIDERER-TYPE PROPELLER PUMP SHOWN IN FIG. 2 


Blade angle at tip.......-.-- 12° 47’ 12° 47’ 2° AT’ 12° 47’ 9° 47 glsteae by ds 

Capacity, gpm. 4 Cee eee ata 6,000 10,000 12,000 14,000 9,700 14,300 

Axial velocity, ft per sec..... 7.49 12.47 14.98 17.43 IZAL 17.85 

RMEEM Eat ees ons ss ces whee Ha hs h Ha hs hp hs hp Ha hs hp Ha hs hp Ha hs hp 

fection r = 0.354 ft........ 18.5 2.5 278 1616; 0 S039 1407 0.2 0.4 13.0 0.4 15.5 0.7 0.6 7a eee 0.4 

Section r = 0.474 ft........ 27.6. 3.0 Sad 20.4 1.0 0.8 16.3 0.2 0.5 13.0 Less 0.5 17.4 0.6 0.7 J am 0.5 

Section r = 0.594 ft........ 34.38 4.4 2.3 23:6: lB 18.0 0.3 0.8 12.9 than 0.8 18:2 OF} 2.1 17.338) 0.1 ¥O.2 

Section r = 0.714 ft........ 41.6 4.7 4.7 26.7 0.9) 2:68 Tees O.2 1:8 127.2 0.05 1.2 17.4 0.2 1.6 19.0 0.1 1.2 

Section r = 0.833 ft........ 47.2 4.6 5.2 28.5 1.0 2.3 2070-°0.2 1.8 12.1 1 eg TSS 7e, Orde ars att CO. L 2.6 

Seer rena 35.8 .. a 2Si.T wieaite Rie Fea Wh... ie 12.6 - i i es an 1.7 os 
eS ee erent ae 

(Ha — hs — hp)aveg, ft......-- 28.0 21.5 16.6 11.6 15.6 aoe 

RS ee ctr eee 0.4 1.0 1.2 2.0 0.9 ; 

he SRS See 27.6 20.5 15.2 9.6 14.7 14.8 

PUREE CMIG 6 2 2 afwiel «cig es ce W751 86.4 84.0 76.2 oe ot 

€ (Test overall effi.), per cent 53 77 81 = 6 2 

MMM RED) ores wigyaiel wince.alsie hs 81 67 58 8 ai 
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tan B., = V,/(u — Vus/2) = 15.0/(55.1 — 10.5/2) = 0.3005 
B.. = 16 deg 44 min 
Blade angle (6,, + a) = 19 deg 24 min 
Angle of attack, a = (19 deg 24 min) — (16 deg 44 min) 
2 deg 40 min 
0.64 and Cp) = 0.0098 


From Fig. 3, C; = 


Tan \ = Cp)/C, = 0.0098/0.64 = 0.0153 
» = 0 deg 53 min 
Cos \ = 0.9999 


(8, +) = 16 deg 44 min + 0 deg 53 min = 
Sin (8, +) = 0.3026 
c/t = 0.602 
From Equation [15] H, = 0.64 X 0.602 X (55.1/15.0) 
X (2704/64.4) X (0.3026/0.9999) 
H, = 18.04 ft 


17 deg 37 min 


This head agrees with the assumed value within the accuracy 
of the computation. If the assumed and computed values do 


not agree, another assumption is made and the computation 
repeated. 


The shock loss on entering the guide vanes is assumed to be 
h, = [Vus — (Vy4/tan a4) }?/2g 

= 66 deg 25 min and tan a, = 2.291 

h, = [10.5 — (15.0/2.291) ]?/64.4 = 0.25 ft 


= 
| 


The friction loss through the propeller resulting from the 
section drag is 
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h, = 0.64 X 0.602 X (2704/64.4) X (0.0153/0.2879) = 0.86 ft 


The net head at the radius r = 0.594 ft uncorrected for friction 
in fixed passages is 


H,—h, —h, = 18.04 — 0.25 — 0.86 = 16.93 ft 


A similar computation is carried through for all five radii. 
The resulting heads are averaged on the basis of area by plotting 
head versus r? as shown in Fig. 4. The average ordinate is 
obtained by planimetering the area. For this problem the aver- 
age head uncorrected for friction in the fixed passages is 16.6 ft. 

All other losses in the pump test section can be represented 
by an equation Of the type 


hy = K(V,*/29) 


where K is a characteristic of the water passages and should not 
vary with either capacity or speed, within the usual range of 
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conditions. The magnitude of K can be approximated from 
tables of hydraulic friction losses. For the pump under con- 
sideration, K has been estimated at 0.4. Therefore, at 12,000 
gpm 


h, = 0.0062 X 15.0? = 1.4 ft 


The estimated net head is then 


H = (Hy—h, —h,)ove — hy = 16.6 — 1.4 = 15.2 ft 


The hydraulic efficiency is 
€, = 15.2/18.1 = 84 per cent 


The results of all computations appear in Table 2 and a com- 
parison of the computed and measured results is shown in Fig. 6. 
In addition to the normal angles shown in Fig. 2, and listed in 
Table 1, the comparison includes two points with the blades 
rotated about their own radial axes. 

Equation [21] gives the pressure distribution which will tend 
to prevent radial flow and this was also found to be the pressure 
distribution resulting from the condition, 1, = constant. In this 
example, the computations indicate that H, varied materially 
along the radius producing a radial flow and a corresponding 
additional energy loss. In Fig. 5, the pressure distribution has 
been computed at each radius from 


E = Hy— (V2 + Vis)/2g 


and compared with the ideal pressure distribution, assuming 
(Ha) avg to be the head developed at each radius. The difference 
between the two curves is a measure of the head available to 
cause cross-flow. 


HYDRAULICS 


LIMITATIONS OF THE SIMPLIFIED THEORY 


The surprisingly good agreement between the computed and 
measured head-capacity characteristics should not obscure the 
fact that the theory, on which the method of computation is 
based, neglects a number of important factors. The computed 
results themselves show an inconsistency in the case of the point 
for 14,000 gpm on the curve for 12 deg 47 min, in that the hy- 
draulic efficiency computed is 76.2 per cent while the measured 
overall efficiency is 77 per cent. 

To emphasize the degree of approximation involved in this 
simplified theory, the neglected factors are enumerated and 
discussed. 

(a) Leakage Around the Blade Tips. The leakage expressed 
as a percentage of the net discharge will decrease with increasing 
pump size. Assuming that the average pressure difference 
between the two sides of the blades is equal to the average 
developed head, the backflow around the blade tips from the 
upper to the lower side is approximately 


Q, = 0.64 V/ (29 H,) 


For the pump considered in the example the radial clearance 
was 0.03 in. and the length of each blade was 0.83 ft. Using 
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these values, the total backflow for the three blades is 0.135 cu 
ft per sec or 0.5 per cent of the net discharge. 

In computing the head produced by a 32-in. pump of the 
same type as considered here, Pfleiderer assumes arbitrarily 
that the leakage and obstruction of the blades together ac- 
count for an inerease in the axial component amounting to 10 
per cent. 

A correction for the obstruction of the blades is unnecessary if 
the head is based upon airfoil characteristics with corrected 
angles of attack and Pfleiderer’s correction really represents 
leakage only. In Fig. 7, his point for a 32-in. pump is com- 
pared with measured values for a geometrically similar 20-in. 
pump. The difference is believed to result from his excessive 
correction of the axial velocity. 

In the theory of airplane propellers, where the tip of the blade 
is free, the circulation decreases from the center outward and 
an induced drag develops. In addition to the added resistance 
in the direction of motion, there is a change in the effective angle 
of attack. Because of the small leakage around the blade tips, 
conditions in a propeller pump with small clearance are believed 
to correspond closely to an infinite length of airfoil and no correc- 
tion has been made for induced drag and the accompanying 
change in the angle of attack. 

(b) Interference of Adjacent Blades. Numachi and Weinig 
find that in an ideal fluid adjacent blades at certain angles cause 
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an increase in the lift coefficient, while experiments on airplane- 
propeller sections show a decrease for the same arrangement.*” 
The magnitude of the effect depends upon the value of c/t and 
the propeller experiments do not apply to the pump studied so 
that a correction could not be made on the basis of experimental 
data. In the example, the method of computing the angle of 
attack includes a correction for blade interference. 

(c) Variation in Blade Section. The lift and drag coefficients 
have been selected from data which are applicable to an infinite 
length of constant section and have been applied to a blade 
having a section which changes with radius. The method of 
handling this problem in the design of airplane propellers does 
not appear to be applicable to pumps with small clearance at 
the blade tips and no correction has been made. 

(d) Uniform Axial Velocity and No Tangential Velocity at 
Entrance. This assumption is believed to correspond very closely 
with the actual conditions because the bell-mouthed inlet section 
is short and contracts rapidly. Such an inlet is known to give 
an almost uniform velocity distribution for some distance beyond 
the end of the converging section. The arms supporting the 
lower bearings are streamlined and tend to prevent prerotation 
although they probably do not eliminate it entirely. 

(e) Frictional Drag at Walls. The relative velocity decreases 
to zero at both the hub and the housing. The combined effect 
is a rotation of the fluid in planes perpendicular to the shaft and 
in a direction opposite to that of the impeller. The water moves 
in a spiral path between the blades and even in a pump developing 
the same head at every radius, radial flow occurs. 

(f) Average Head. The method of computing the head as 
the weighted average of the heads developed at each radius 
seemed at first to be based upon a very unsound assumption but 
closer study gave it a better appearance without fully justifying 
it. The axial component of velocity is probably uniform in the 
discharge plane and loss of head will not result from mixing with 
elements at different radii. Variations in pressure from the 
ideal curve result in cross-flow without, however, bringing about 
a substantial loss of mechanical energy. The remaining factor 
is the tangential component of velocity. Taking an average of 
the heads developed at each radius is equivalent to assuming 
that the dragging effect of concentric layers brings about a radial 
distribution of rotational velocities which corresponds approxi- 
mately to the distribution which would result from a constant 
developed head at all radii. This situation is not the same as 
for the mixing streams of different axial velocities with the conse- 
quent Borda-Carnot shock loss and a rational method has not 
been found for estimating the loss resulting from the variation 
in developed head. 

The tangential component of velocity also varies between the 
blades. This effect has been treated extensively by Spannhake* 
and will not be discussed here except to state that the method 
of computing the tangential velocity gives a properly averaged 
value. 

(g) Limits of Applicability. As the rate of discharge is in- 
creased, negative lifts and heads appear first at the blade tips 
and develop inward. The method for computing the average 
head probably will not apply when the heads are partly negative 
but this limitation is of little practical importance. 

At low rates of discharge, the angle of attack of the blades is 
above the “burble-point” and computation of the head is limited 


6 ‘Airfoil Theory of Propeller Turbines and Propeller Pumps With 
Special References to the Effects of Blade Interference Upon the 
Lift and Cavitation,” by F. Numachi, The Technical Reports of 
the Tohoku Imperial University, vol. 8, no. 3, 1929, pp. 136-191. 

7 “tTber die Winkeliibertreibung von Turbinenschaufeln,”’ by F. 
Weinig, Wasserkraft wnd Wasserwirtschaft, part 3, Feb. 2, 1934, pp. 
25-31. 
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by the available experimental data on the lift and drag coefficients 
of the blade sections used. In the extreme case of zero net 
discharge from the pump as a whole, the outer sections of each 
blade are developing positive head and delivering a positive dis- 
charge which equals in total amount the downward flow through 
the sections near the hub. In these extreme cases, radial flow 
is important and the methods of computation suggested here are 
believed to be inapplicable to them. 

(h) Friction and Shock Losses. Omitting frictional losses on 
the blade surfaces, which are represented by the drag coefficient, 
and the shock loss on entering the guide vanes, all other shock 
and surface-friction losses are represented by a single coefficient 
which is a characteristic of the water passages between the suction 
sump level and the point of discharge pressure measurement. 
Use of such a coefficient is basically correct but determination of 
its proper value for a given installation is difficult. Direct 
measurement of the friction loss with the impeller removed 
would give a value slightly too great because of the curvature 
of the guide vanes. 

The shock loss on entering the guide vanes has been assumed 
to be proportional to the square of the difference in the tangential 
components at discharge from the runner and after entrance to 
the guide vanes. A coefficient of unity for the entering loss 
alone is probably excessive but there is an additional loss in the 
recovery of tangential velocity as pressure within the guide vanes. 


Arrinity Laws 


The affinity laws are important aids in the design of centrifugal 
pumps and it is interesting to investigate their validity for the 
same pump at different speeds and for geometrically similar 
pumps of different sizes. Pfleiderer* gives data on the head- 
capacity characteristics of a 7.87-in. pump at five different 
speeds. The results have been corrected to a speed of 2000 
rpm and plotted in Fig. 7. The agreement is very good except 
for the highest speed at low capacities. The same figure shows 
the corresponding test data for the 20-in. pump. Apparently 
these pumps are not strictly geometrically similar. The affinity 
laws used in making the corrections are exactly the same as for 
radial- and mixed-flow pumps. 

One interesting feature of Fig. 7 is the comparison of the 
design point computed by Pfleiderer and the test data on a 20-in. 
geometrically similar pump. The discrepancy is believed to 
result from his excessive correction of the axial-flow component. 


CoNcLUSION 


In conclusion it should be pointed out that no theory can be 
considered satisfactory until it has been found to apply to 
a wide variety of conditions. Subsequent comparisons of 
theory and experiment may indicate that the theory should be 
modified to take into account certain secondary phenomena 
which have combined in such a way as to neutralize each other 
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in the pump used for comparison here. On the basis of these 
results, it appears that the modified method of Pfleiderer may 
be used to predict a portion of the head-capacity curve in the 
region of the design point. 


Appendix 
NOMENCLATURE 

= area, sq ft 
= chord length of airfoil, ft 
lift coefficient of airfoil 
drag per unit of blade length, lb per ft 
= acceleration of gravity, ft per see per sec 
elevation head, ft 
= head lost in friction in the propeller, ft 
= head lost in shock at guide vanes, ft 
= all other friction and shock losses, ft 
= measured head developed by the pump, ft 
developed head of the impeller, ft 
= coefficient of friction and shock losses 
= lift per unit of blade length, lb per ft 
= pressure, lb per sq in. 
= capacity, cu ft per sec 
leakage, cu ft per sec 
= radius, ft 
distance, ft 
= blade separation measured along the are, ft 
= torque, ft-lb 
= net torque, ft-lb 
= velocity of a point on the blade, ft per sec 
= velocity of the fluid relative to the impeller, ft per sec 
= geometric mean value of the relative velocities in front 
and in rear of the impeller, ft per sec 
absolute velocity of the fluid, ft per sec 
V,, = tangential component of absolute velocity of fluid, ft 

per sec 
V, = axial component of absolute velocity of fluid, ft per sec 
z = number of blades 
a, = angle between the guide vanes at entrance and the 

pump axis, deg 

«» = angle between v,, and the direction of blade motion, deg 
= weight per unit volume of fluid, lb per cu ft 
= JV cos (V, s) ds = circulation, ft sq per sec 
i) 
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= y/g = density, lb sec per ft* 
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= angular velocity, radians per sec 
Subscripts: 
0 — conditions before entrance into impeller 
3 — conditions after leaving impeller 
4 — conditions just after entrance into guide vanes. 
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Concerning the Degree of Accuracy of the 


Gibson Method of Measuring the 
Flow of Water 


By D. THOMA,? MUNCHEN, GERMANY 


The paper first discusses the limitations of various 
methods of measuring water which were in use when 
the Gibson method was first announced. These limita- 
tions of the current-meter method of flow measurement 
include: The effect of turbulent accessory motions which 
cause periodic velocity changes in the direction and magni- 
tude of flow; the difficulty in obtaining readings close 
to the wall of the canal or closed conduit; and the neces- 
sity of determining the velocity at several points simul- 
taneously due to temporary changes in distribution; and 
the expense involved in taking a number of such simul- 
taneous readings. Reference is also made to the use of 
the pitot tube for taking readings close to the wall of the 
passage. 

The greater part of the paper, devoted to a discussion 
of the Gibson method of water measurement, includes 
the derivation of formulas involved in this method of 
water measurement, its limits of accuracy, and the errors 
which may arise inits use. These errors, due to (@) acces 
sory motions, (b) to false valuation of friction, (C) to 
friction of the mercury column, and (d) to inertia of the 
mercury column, are presented with derived formulas 
and approximate values together with suggestions for 
minimizing them. 


N ORDER to make the peculiarity of the Gibson method 
stand out clearly, a short criticism of other methods for 
measuring large quantities of water will first be given. 

When the velocities of water are measured at a sufficient num- 
ber of points in a cross-section to determine the flow per second 
through a canal or a closed conduit, the measurement will always 


1 Translated from ‘‘Mitteilungen des Hydraulischen Instituts der 
Technischen Hochschule Miinchen,” Bull. 1, 1926, pp. 59-74, by 
BE. B. Strowger, assistant hydraulic engineer, The Niagara Falls 
Power Company, Mem. A.S.M.E., and P. Olsen, engineering assistant, 
The Niagara Falls Power Company. 

2 Professor of hydraulic engineering, Technische Hochschule, Miin- 
chen, Germany. Mem. A.S.M.E. Dr. Thoma was graduated from 
the Technical University at Munich, as a mechanical engineer, in 
1906. From 1906 to 1908 he was employed as designer by the firm 
of Briegleb, Hansen & Co., of Gotha, manufacturers of water tur- 
bines, governors, ete. For the following two years he was associated 
with Prof. A. Féppl as assistant in technical mechanics. During this 
time he remained in touch with Briegleb, Hansen & Co., Gotha, and in 
1910 became head of its governor department, remaining with the 
company for ten years. He became chief engineer of its turbine 
testing stations, as well as head of the governor department, in 1913. 
In 1915 he became superintendent of all work on designing water- 
power machinery and water-power plants. In 1920 Dr. Thoma was 
appointed professor of technical mechanics of the Technical Uni- 
versity of Munich. He resigned in 1921 to become professor of 
hydraulics, and director of the Hydraulic Institute of the Technical 
University at Minchen. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting of Tap AmprIcAN Socipry oF MEcHANICAL EnaI- 
neers, New York, N. Y., December 4 to 8, 1933. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


be affected by the turbulent accessory motions which cause 
periodic changes in the velocities both in magnitude and direc- 
tion. The problem in such measurements is to determine for a 
given interval of time the average value of the components of 
velocities vertical to the measuring cross-section. 

When measuring with Woltman’s current meter, the changes in 
magnitude of the water velocity are not serious because the revo- 
lutions of the meter are sufficiently proportional to the water 
velocity and, therefore, the average speed of the meter, which is 
obtained from the test, exactly corresponds to the average value 
of the water velocity. The changes in the direction caused by 
the accessory motions, however, are disturbing since the speed 
of the meter is affected by an additional side component of the 
flow so that the meter in general no longer indicates exactly the 
component of the velocity in the shaft direction, upon which it is 
exclusively dependent when the flow quantity is being deter- 
mined. Lately, some meters have been invented which are 
practically independent of these errors within a sufficiently wide 
angle. However, these meters (blades separately fixed on spokes) 
are subject to errors through the collection of water plants and 
other thread-like debris. We hope soon to have current meters 
which are independent of accessory motions of flow and which 
will repel the debris like a pointed screw. 

One more deficiency in the current-meter measurement is the 
impossibility of determining the water velocity close to the walls. 
To obviate this deficiency, special small meters, called wall 
meters, can be used near the edge of the measuring cross-section. 
These have been made by L. A. Ott’ according to the author’s 
directions, and make it possible to determine the velocity of the 
water one inch from the walls. However, wall meters are still 
being developed and are not yet commonly available. By using 
wall meters, and by interpolation of the water velocity in accord- 
ance with the new experiments on the distribution of the ve- 
locities close to a wall, the limit of the errors is reduced to a 
fraction of previous values. 

Considerable difficulty arises with current measurements be- 
cause of the need for determining the water velocities at a num- 
ber of measuring points at the same time, this being necessary 
because the flow may temporarily undergo slow changes which 
eause errors, if the measurements are made at many points, one 
after the other. To repeat the measurements several times in 
order to decrease the errors takes a very long time and in most 
cases, therefore, is not done. To fill the requirements for simul- 
taneous measurements is very expensive. For instance, 27 
meters were used to determine the discharge of the water at the 
powerhouse at Aufkirchen on the Mitlere Isar. 

If, on the other hand, one uses the pitot tube to determine the 
water velocity, it is possible by a suitable shaping of the tube 
(Prandtl’s tube) to minimize the errors caused by fluctuations 
in the direction of flow. It is also possible to make dependable 
measurements at very short distances from the wall. Pitot 
tubes, however, give errors caused by fluctuations in the magni- 


3. A. Ott, Mathematik Institut, Kempten, Germany. 
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tude of the water velocity. Because the velocity head is propor- 
tional to the square of the water velocity, meters do not indicate, 
with quickly changing velocities, the average water velocity but 
the square root of the average square of the velocities, which 
is always larger than the average velocity. Furthermore, instru- 
ments are not yet developed which register the necessary read- 
ings when measuring at many points. The pitot tube is, there- 
fore, in general not so applicable as the Woltman current meter 
for measurements where great accuracy is required. 

The accuracy of the total flow, obtained from measurements 
with current meters, may be assumed to be about 1 per cent 
when the test is carefully prepared and performed under favor- 
able conditions, and values accurately computed. The most 
favorable condition exists when the turbulence of the flow does 
not exceed the turbulence unavoidable even in a straight con- 
duit at velocities above the critical velocity. If the water flow, 
however, contains strong eddies which are produced, for instance, 
by bends or by contractions in an improperly made intake, larger 
errors are possible because even with current meters of suitable 
shape the disturbing influence of the side components will be too 
large. 

In many cases it is quite impossible to find or to arrange a cross- 
section in which the flow is steady. Also, the required number of 
meters and the necessary care to obtain the desired accuracy are 
often obstacles. However, as the weir, the traveling screen, 
and other methods for measuring large quantities of water are 
generally very expensive, one has either to be contented with the 
lesser accuracy of the current-meter measurement or give up the 
measurement altogether. 

For that reason, a sensation was caused about five years ago 
(the ‘‘salt-velocity method” by Allen was not known at that time) 
when the American engineer, Norman R. Gibson, presented a 
new water-measuring method which promised to fill all desires 
and required only a comparatively simple apparatus. 


Tue Gipson Meruop or FLow MEASUREMENT 


The Gibson method is applicable for measurements in closed 
conduits and is founded on the pressure rise which takes place in 
such conduits when the water flow is brought to rest. For ex- 
ample, in conducting a test, a steady continuous flow is main- 
tained after which the turbine gates are gradually closed, the 
increased pressure in the conduit being continuously registered 
by a pressure-time recorder, designed by Gibson. The difference 
between the initial water flow and the leakage flow, which goes 
through the gates when they are closed, is obtained from the 
pressure diagram. The dimensions of the conduit must, of 
course, be known. Since the small leakage water loss can be 
determined with great accuracy by a special test, it is, therefore, 
possible to determine the water flow per second at the open steady 
position of the gates. 

The rise in the pressure when closing the gates is a result of the 
retardation which is forced on the water column in the pipe. 
This depends fundamentally upon the magnitude of the momen- 
tum (the impulse) which this water column had at the start and 
at the end of the closing of the turbine gates. For a pipe with 
known dimensions, the sum of all momentum quantities of the 
water particles contained in the pipe, or, expressed in a shorter 
way, the magnitude of momentum contained in the pipe, is de- 
pendent only upon the flow of water per second through the pipe 
and absolutely independent of the accessory motions. A short 
calculation leads, therefore, to the presumption that the result 
from the pressure diagram must be absolutely independent of the 
accessory velocities, which for other methods might be very dis- 
turbing. The sensibility of the pressure-recording apparatus can 
be increased almost as one desires when requisite care is used in 
the design and construction of this single instrument. We 
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might hope that we could obtain the water quantity from this 
very exact pressure diagram without any errors in accordance 
with the exact physical nature of the method. Then it would be 
possible to make water measurements for water-power plants 
with the same general precision as for tank measurements. 

The purpose of this paper is to discuss these considerations in 
detail, to determine the limits of eventual errors, and to find out 
how to arrange for the measurement in order to minimize the 
errors. 

With the expression “errors” I will, of course, not censure or 
in any way try to diminish the splendid merits of the man 
who invented and developed this important method. Neither 
will I express any doubts about the high efficiencies on the tur- 
bines which Gibson has found by using his method in several 
large American water-power plants. The results which have 
been obtained in Germany, in both water-power plants and in 
laboratories, show that Gibson’s results are possible of attain- 
ment considering the immense size of the American turbines and 
the hydraulic demands for which careful consideration has been 
given in the design of all constructional parts in these power 
houses. 

When deducing the general formulas we will neglect the action 
of gravity and the differences in the pressure that are added to 
the statie-pressure difference corresponding to differences in 
heights. The introduction of these pressures in general formulas 
would only lead to unnecessary complexities. We neglect, also, 
the elasticity of water and of the walls of the pipe. 

The water pipe which the water enters from a large reservoir 
may be supposed to be straight and of uniform cross-section. 
We use the following symbols: cp is the average velocity of the 
water for steady continuous flow in a cross-section of the pipe 


the quantity of water per second | 
’ 


at the beginning of the test = : 
area of the pipe 


cis the average velocity (in a cross-section) of the flow during the 
test; and c is the average velocity of the water after the test, 
i.e., the average velocity of the water corresponding to the 
leakage. During the test, the pressure pc in the measuring cross- 
section C, and the pressure pa at point A sufficiently distant in 
the reservoir are registered. (In practical tests the pressure 
measurement at A is registered by recording the changes in the 
water level in the reservoir with a water-level gage.) 

To understand the fundamental laws for the method, we at 
first neglect the friction. The velocity of the water is then the 
same everywhere in the pipe. Accessory velocities do not arise. 

If B, Fig. 1, is a cross-section of the pipe close to the inlet where 
the water velocity is already uniform all over the section, the 
difference in pressure pa — pz is almost completely determined 
by the instantaneous value of the water velocity in the pipe. 
As the distance is very short in which the water velocity rises 
from zero (in the reservoir) to the value c, the acceleration for 
each water particle, caused by the change in position, is great 
compared with the change in the water velocity for a fixed 
point due to the decrease in the water quantity per second 
in the pipe. The pressure difference pa — pz may, therefore, 
be calculated without any noticeable errors as there should be 
a steady flow. Therefore, the following holds true 


l 
The mass between the cross-sections B and C is afl where f is 
g 


the cross-sectional area of the pipe; 1 is the distance (B — C); 
and y is the weight of a unit volume of water. For the accelera- 
tion the force, f(pz — pc), is available. Using the fundamental 
dynamic law we get 
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d 
f(ps— pe) = 7 - SPARE IB AAS 6, « (2] 


If we cancel f in Equation [2] and add Equation [1] we get the 
expression 


We have now to take into consideration that the change in the 
water quantity on the way to the cross-section B also has some 


effect, and we do that by increasing the actual length /. If this 
corrected length is called L, we get 
y . dc c 
paAa— pe = a + y¥ 55 ca (3] 


This is a differential equation of the first order with respect to 
c, which it is possible to integrate graphically or analytically 
when we have to take the changes in pa — pc from the diagram 
obtained by the pressure recorder. One can, for instance, start- 
ing from the known water velocity c, corresponding to the leak- 
age, reconstruct backward the changes in the water velocity and 
from that find the water velocity ¢) which was present at the start 
of the test. 

In another method given by Gibson, the change in c is assumed 
and afterward corrected. This proceeding converges very fast 
and is very suitable for graphic integration which, of course, in 
this case is still more to be recommended because the change in 
pa— pois given graphically. 

The chain of reasoning used to derive Equation [3] and on 
which also Gibson’s deduction (1)4 is founded, is not quite unin- 
terrupted; when deducing Equation [1] it was assumed that the 
difference in pressure between the points A and B was as big as 
it should be at steady flow, but in reality there exists a non-sta- 
tionary flow. There may be some doubt whether it is admissible 
to use the fundamental dynamic law without any correction on 
“the mass (existing) between the cross-sections Band C.”” The 
“mass” in that way defined does not contain the same individual 
parts at the end of the test as at the beginning. During the 
test, outgoing water, by passing the cross-section C, has left the 
“mass,” and new water, by passing the cross-section B, has en- 
tered into the “mass.” The dynamic fundamental equation 
refers, however, to a fixed system of mass always consisting of the 
same particles. 

To remove all doubts we shall start from the general equation 
for the pressure conditions at unsteady flow without friction and 
eddies. Referring to Fig. 2, the following symbols will be used: 
z is the distance from one general point on the pipe axis to point 
A, v is the water velocity on the axis and on the expanded axis 
from the pipe, p is the pressure, and ¢ the velocity potential, 


: 5p 
which is defined so that at every instant and in every place = 


v. The point A is supposed to lie on the expanded axis from the 
pipe and so far from the inlet that at this point the square of the 
velocity is negligible (va? = 0). The cross-section B is as close 
to the inlet as possible, but at such distance, that at every point 
of this section, the water velocity is equal to the pipe velocity c. 
The cross-section C is the measuring section. The values of », 
p, and ¢ in A, B, and C will be designated by v4, p, $4, ¥8, pa, etc., 
respectively. 

The relation between v, p, and ¢ is given by the well-known 
general equation 


4 Numbers in parentheses refer to similarly numbered references at 
the end of the report. 
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in which y (t) is a function of the time alone (not of x) and de- 
pends on the way in which ¢ is chosen. To wit, ¢ being defined 


56 bp 
by = = v, only re is prescribed for a given flow and any function 
x 


of the time may be added. Therefore, we are at liberty to stipu- 


late that during the whole test ¢4 = 0. In applying the general 
equation to the point A, we get 

xy Sha va® 

-— —=—p t 

aMkat Stacy) 2g Da + ¥ (t) 


6 
Considering that ¢4 = 0 = constant and therefore - = 0, and 


that va? = 0, we get from this y(t) = pa. 
the general equation is transformed to 


By introducing this, 


y 6b vy 
a 4 
g ot 2g 


First of all we now have to determine ¢ for the cross-section B. 


bb 
Considering that ¢4 = 0 and Zc v we get 
ie 


B 
eed) v dx 
A 


In order to make the integration we express the velocity at any 
point of the axis between A and B as a fraction of the present 
pipe velocity c by the equation » = ac. Then 


B 
tone f a dz 
A 


The value of a for the point in the section B is 1. 
compute fi." a dz, the values of a for asufficient number of other 
points between A and B must be found. This is easily effected 
by drawing the streamlines, either by estimating or by one of the 
several well-known graphical methods. The values of @ will be 
found by considering that a varies inversely as the areas of the 
cross-sections of the fluid tube confined by the streamlines adja- 
cent to the axis. The integral ie oe dz can then becomputed. It 
has a length the dimension of which we will designate by J’ and 
which may be considered as the reduced length of the inlet; 
which may be longer or shorter than the distance between the 
cross-section B and the reservoir wall, depending on the shape of 
the inlet. Therefore 


In order to 


Poet ye Nk ee [5] 


The velocity potential in the measuring cross-section C results 


C. 
yey vdr =¢+Ie 


and when considering Equation [5] we get 


in 


Go = UO ile = Les teens fen {6] 


By differentiating with respect to time from Equations [5] 
and [6] 
os dc 


— i. ees ar ah 
ot dt ot dt 
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If we now at last combine these values with Equation [4] we 


pet? 
de Ce 
= i= nt oe if 
Be Pe od aay, og 7} 
and 
y . de c 
—po2z-L mad TORRE 8 
PA pe 9 di yi 29 [ | 


The last equation is identical with Equation [8]. The con- 
siderations made at first, which theoretically were not quite in- 
disputable, have given a correct result. ‘This also shows that the 
suggestion given in the literature (2) to substitute the last term in 

_  ? (—c)? 
Nquation [3] by the expression — — — 
2q 29 


is entirely out of 


order, 

We shall now study the method, considering friction. For 
the water-way from the reservoir to the section B, it is possible to 
use the considerations above for flow without friction, because 
the friction on the short distance to B, without doubt, may be 
neglected. In order to follow the conditions between B and C 
it is convenient to use the law of impulse and momentum. As 
we know, it is permitted to deal with the momentum which is 
contained in any space, and also with the momentum which en- 
ters or goes out from this space, in the same way as if the momen- 
tum were a material substance, which is carried along with the 
water and is produced or consumed by outside forces. 

The momentum which is contained in the space between B 
and C' is indicated by J. If is is the momentum which the in- 
flowing water has supplied through the section B during any 


dit , 
length of time, 7 is the impulse current through the section B. 


Lf 
In the same way the impulse current through section C is sig- 


dre ‘ 
nified by 7 From the law of impulse and momentum, it fol- 
at 


lows that the increase per second in momentum in the space be- 
tween B and C is equal to the momentum supplied per second 
through B with the outgoing momentum through C deducted 
and with all external forces acting in the direction of flow added, 
i.¢., 

dJ dig de 

6 meee en ss P 
ry 7 FT te SP sc. ate ene {9] 


The next step is to determine J. Suppose dm is the mass of 
one small water particle, which has the length da, the cross-section 
df, and the velocity v. The momentum for this small particle is 


dmv and, because dm = Y dx df, it is also equal to * dx dfv. The 
if] g 


momentum for all the water between the cross-sections on the 
distance dx from each other, therefore, is 


dJ = ft dz dfv = ae f og 
1] 1] 


* The method chosen here for the demonstrations has the advan- 
tage that it is also applicable to bent pipes. At the same time it 
shows that the length in a bend is not to be measured along the pipe 
axis but along the line in which the water velocity has the average 


See ie 
speed. This line lies about aR closer to the center of the bend than 


the pipe center line does (r = the radius of the pipe, R = the radius 
of the bend to the center line of the pipe) and is for that reason shorter. 
If one does not consider these things the length of the pipe will be 
used with too high a value and the water flow will be too little. 
The difference is, however, very small and it will cause (e.g., for the 
power plant at Queenston, where the pipe has two bends) an error in 
the water flow of only about —0.1 per cent. 
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Since [ v df = ef it is possible also to write dJ = : cf dz, from 


which the momentum of the water between B and C is 


which is dependent only on the average velocity and, therefore, 

also on the quantity of water per second. It is absolutely inde- 

pendent of the distribution and all accessory velocities. 
Differentiating with respect to time we get from Equation [10] 


It is also easy to express the impulse current through the cross- 
section B, because the friction has not yet been acting and the 
velocity is the same at all points. The inflowing mass per second 


is? cf and therefore the impulse current is 


din _ 
dt g 


The impulse current through the cross-section C should, of 
course, be just as big if the distribution were uniform both in 
place and time. However, the flow is not uniform at that point 
on account of the friction. We can divide the instantaneous 
velocity v at any point in the cross-section into one component Um 
which is the average value for the place in question and one com- 
ponent of oscillating velocity v’. This division is shown in Fig. 
3, where the full line refers to the instantaneous value of the ve- 
locities and the broken line to the average value with respect to 
time. Accordingly, if we write 


the value of momentum, which during the time dé is discharged 
through the element df in section C (mass per second times ve- 
locity) is equal to 


Y (um + v/)? df 
9 


Further, if At is a short time interval which is large compared 
with the period for the fluctuations in v’, but still short compared 
with the time during which the turbine gates are closing, we will 
obtain the value of momentum which during the time At is dis- 
charged through the cross-section element df as 


a: (Um + 0’)? df 
‘ 


At) 


2 
rat fo meas a f ow artay f wa 
g 


(At) (At) 


or as 


Because v is constant in the element of the cross-section con- 
sidered, the first integral is equal to vm? At. The second integral 
is zero, because vm is constant and v’ is the variation in the actual 
instantaneous velocity from the average value with respect to 
time so that fv'dt = 0. The outgoing impulse during the time 
At through an element in the section is, therefore 


7 atom? df +7 df | vat 
g 9 
(%) 


Taking the sum for the whole cross-section, the outgoing im- 
pulse durfng the time ¢ is 
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sic Zan f meare? f ay f wra +e [14] 
g g 


(f) (f) (4t) 


The second term on the right side we may consider as the prod- 
uct of fAt and one average value of the square of the variable 
velocity v’ for the whole section, the average taken with respect 
both to time and place. If we use the symbol v1? for this average 
value, Equation [14] takes the form 


Aic = as At 
g 
(f) 


soul df Sep Abs thas meet (15] 
g 


As the distinction between At and dt was necessary only for the 
definition of the average value v12, it is now possible again to 
write dt instead of At and dic instead of Aic. Equation [15] 
then takes the form 


- 
ante ela PAL FEE nS Me [16] 
dt g g 

Fy 


For further simplification we presume 


where vp” is then the deviation of the average velocity with re- 
spect to time in the considered element of the cross-section from 
the av erage velocity in the whole cross-section. By substituting 
Vm? = c2 + 2cv” + v”? in Equation [16] we get 


As c is constant, the first vr is Bebo ies to c?f. The 
second integral is equal to zero because v” is the variation from 
the average value c and, therefore, #3 v” df is zero. Finally, if 

f) 
we now use v1? instead of the aot value of the square of uv", 
i.e., f vo”? df = vn?.f, Equation [18] takes the form 
W) dic 


dt 
Substituting cic [11], — and [19] in Equation [9] the 


Ys. 
ia + 7 fou? oS i eee 
g 


d d 
first term of =< is eliminated by —* and 
dt dt 
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The forces acting on the water volume consist of (a), the force 
corresponding to the pressure difference between B and C, and 
(b), the force R caused by the friction on the pipe wall acting on 
the water opposite to the direction of flow. By substituting 
=P = f(ps— pc) — R, the equation above takes the form 


d 
a = ata i +f (pp—pe)—R.... [20] 


In order to make it possible to express ps — pc by the observed 
pressure difference pa — pce we have to eliminate pa — pz in 
Equation [7]. Though when deducing Equation [7] we had 
assumed no friction acting, it is possible to use the equation for 
actual flow, as it is shown before, because the friction on the 
way from A to B hardly ever comes to action. 

If we substitute 
y ,, de (i 


— 1 es 
pe ae, 


pp — pe = pa— pe — (pA— ps) = PA 


in Equation [20] and again set / + 1’ = L, then it follows that 


2 


Cc 
Ae 


<9 


Ble Tees = f(pa — pe) ~ fen? + v?) — R.. [21] 
g° dt g 

In this expression R, besides v1? and v2, is not yet known. The 
simplest assumption which one can make for the action of the 
friction during the closing of the gates is that it is of the same 
magnitude as it should be at a continuous flow with the same 
quantity of water per second. This premise is also a fundamental 
point in Gibson’s deduction. Because it is possible in this case 
to assume, with very sufficient accuracy, that the magnitude of 
the friction at constant flow is proportional to the square of the 
average water velocity, we therefore get 


R= = Rigi. Re eee [22] 
Co 
where Ry is the value at constant flow before the test. Ro we 
d 
can determine, considering Equation [21 ] & = 0) for the steady 
a 


continuous conditions before the test, to be 


pe 
W 99 


¥ 
Ro = f(p4o PCo) ps + 197)... . [23] 

If we substitute the value of R, which is obtained from Equa- 
tions [22] and [23] in Equation [21] and arrange im order, we get 
after a few calculations 


g 2 
= if | ie —"pa) -- : (vr? + v1?) + ss | (p40 — Peo) 


=z ; (vir? + ni | Bac cic [24] 


The second term within the brackets indicates, for every in- 
stant of time, the influence of the accessory motions (existing at 


that instant). The last term, Z (vtto? + v197), takes care of the 
g 


fact that the friction force, which at continuous steady flow is 
transmitted from the walls of the pipe to the water, would be 
judged too high, if the accessory motions were neglected. 

If we neglect the accessory velocities, Equation [24] takes the 
form 
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The valuation used by Gibson corresponds to this equation. 

We could also get this equation if we supposed that vn? and 
v2 during the test decrease proportionally with c?. The two last 
terms in Equation [24] should then balance each other. This 
assumption, however, would not be correct. We notice this very 
readily if we consider the case when the quantity of water per 
second is decreased rapidly from the value at the start to zero. 
All water particles are then for the same short time under the 
action of the same strong pressure gradient so that the velocity 
of each particle is subjected to a change by the same amount but 
not in the same proportion (Fig. 4). The values of vr and v; have 
then not changed during the sudden decrease in the water quan- 
tity to zero. If the closing time is longer, the action of the wall 
friction, which tries to keep hold of the back-flowing water, be- 
comes active up to a marked distance from the wall so that the 
distribution of the water indicated in Fig. 5 exists after the clo- 
sure. In any case the valuation vr? + v1? = vir” + vo Will come 
closer to the truth than the presumption given above. If we 
apply Equation [24] on a complete closure considering the 


de 
time, we get with a = Q0andc = 0 


y 
pe— pa = — Ps + v1") 


In the measuring cross-section, therefore, a pressure below the 
normal will exist until the accessory motions have died out. 
(This does not appear in the diagrams published by Gibson on 
account of the strong natural period of oscillation in the mercury 
column.) One understands this action if one considers that the 
water in the pipe in spite of the decrease of the water-flow to 
zero has not come to rest. The core of the water column flows 
forward while an edge current runs backward. Although it is 
true that the impulse contained has become zero and remains at 
zero, that is not the case with the impulse current through the 
section; the measuring cross-section C sends water upward and 
receives returning water. Because the impulse contained in the 
pipe above the cross-section does not change any more, it is neces- 


sary that this impulse current be counter-balanced by a pressure _ 


below the normal in the measuring section. 

Of course, these circumstances assist during the closure in 
keeping the pressure in the measuring section from increasing as 
much as it would without accessory motions. The blockade of 
the pressure takes place near the inlet, where the back-flowing 
water again turns; the back-flowing water at the walls cannot 
press itself into the reservoir with higher pressures. Therefore, 
it turns and forces a reduction in the cross-section of the fresh 
water entering from the reservoir with a corresponding increase 
in the velocity which affects the additional pressure drop. Fig. 6 
indicates this action but it gives, of course, only an imperfect 
picture because it refers in reality to non-stationary conditions, 
which cannot be represented completely by drawing current lines, 
and also because our present means of description of hydraulic 
actions are not well suited to show the non-stationary conditions. 

Also, there is at the lower end of the pipe, an alternation in the 
direction of flow. If we could measure the average pressure 
immediately in front of a slide, which shuts off the pipe, Fig. 7, 
the pressure would not be below normal. 

Therefore, the hope that the Gibson method of water measure- 
ment (contrary to the methods mentioned above) is independent 
of accessory motions, is unfortunately unfulfilled. It, therefore, 
remains for us to determine the order of magnitude of the possible 
errors. 
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Because no information is published about the magnitude of 
v,2, one has to resort to an indirect estimation. It is known that 
in turbulent flow, measurements of the velocity with the pitot 
tube give, according to the foregoing reasons, a water velocity 


about 1 to 2 per cent too large. A simple calculation shows that 
2 


i ’ a aur 
the relative error in the velocity measurement is 5y_2” where Um 
Um 


is the average velocity at the point of measuring and 1 is the 
average value of the square of the variable additional velocity 
varying with respect to time. Within the possible limits for the 
degree of accuracy required, it is permitted to use the average 
values in the measuring section (v1 and c) instead of 7 and vm. 
To avoid too large errors, we obtain for the beginning of a test 
run 


vio? = 0.02 co? 


if we cautiously state that the pitot-tube measurements give an 
error of 1 per cent. 

Two methods can be used for the valuation of vio? On one 
hand, the known formulas for the water distribution in long, 
straight, smooth pipes, can be used, from which o1192 = 0.02 co’. 
The conditions are then, however, judged too favorably because 
the turbine conduits hardly ever are as straight and smooth as 
the pipes with which the formulas for the water distribution were 
obtained in the laboratory and also because in most cases the 
flow is affected by dissymmetries, which are caused by an un- 
symmetrical inlet, and result in an increase in vito?» For these 
reasons it is perhaps better to base our calculations on the known 
value a, which gives the proportion between the actual velocity 
energy flowing through a cross-section and the energy correspond- 
ing to the average water velocity. From present information, a 
ranges between 1.085 and 1.15. The impulse transported, on 
‘account of the irregularity in the distribution in the water ve- 
locity, is affected in the proportion of about 3 to 1 less than the 
energy transported. One can, therefore, presume 0110” = 0.028 
to 0.05 co? or, as an average, about v119” = 0.04 c’. Therefore 


vite" + UI”? = 0.06 ¢? 


for the beginning of the experiment. 
If we choose the afore-mentioned valuation 


on? + v1? = V110” + P07 


and further suppose that c, during the observed time, decreases 
uniformly from c. to the end value zero, then in Equation [24], 
the expression 


x Cy, P 
= (vy? + v2) — = — (vito? + 210?) 
g Co” 9 


(which may be considered as the term for the average error for the 
2 
whole observed time) is equal to 3 af 0.06 co”. 
g 
The circumstance that v2 + v1? does not stay quite invariable 


Cc 
but instead lies between v11o2 + vr” and a (vito? + 2102) we take 
Co 


Pv ool 
into account by decreasing the factor 5 to 3 By that we get 


3 
the average value of the error as 


C, 2 
~ 0.02 ~ a? = 0.047 — 
g 29 


From the pressure diagram published by Gibson, it is not pos- 


C 2 
sible to get = because from the diagrams the resulting value of 
g 
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PAo — PCco . ; took 
se composed of the velocity head and the friction-loss 
y 
head. In one numerical example given by Gibson, which refers 


to a pressure diagram not reproduced here, there is a note from 
which it appears that two thirds of as Pa ic belongs to the ve- 
locity head and one-third to the friction-loss head. If we sup- 
pose that this proportion exists also for Gibson’s pressure dia- 
gram (3) reproduced in Fig. 8, it follows that the error in the re- 
sult for this pressure diagram, caused by the term for the error, 
is —1.5 per cent, while the error for the diagram in the numerical 
example is —0.9 per cent. The true water quantities should for 
that reason have been about 1.5 per cent and 0.9 per cent greater, 
respectively, than given by Gibson. 

However, Gibson reports errors averaging +-0.1 per cent from 
tests made on his method in the hydraulic laboratory at Cornell 
University. During the tests, the actual quantity of water was 
determined by the only indisputable method, measuring by means 
of a calibrated tank. 

Therefore, there must be other sources of errors, which act in 
the opposite direction. In reality, the assumption made when 
deducing Equation [24], that the friction during the closing is 
just as great as at continuous steady flow with the same amount 
of water, Equation [22], is not quite true. If, for instanee, the 
condition after complete stoppage of the water flow is considered, 
the friction according to this supposition should be zero. In 
reality, however, a downward directed friction force is carried 
over on the water from the pipe wall which touches the back- 
flowing edge current. This condition is also active during the 
flow, and decreases the value of friction below the amount which 
should be present for equal quantities of water at steady flow. 

If the errors which are made by this valuation of the friction 


1 il 
are estimated to be between 30 and 10 of the friction at continuous 


flow at the beginning of the measurement, the result obtained 
from the pressure diagram, Fig. 8, would then be affected with an 
error from --0.9 to +1.8 per cent for this reason, and the pres- 
sure diagram in the numerical example with an error from +0.6 
to +1.1 per cent. 

It must be taken into consideration that the statements for the 
errors are founded on very rough estimates. Thus it is possible 
as a final outcome to say only that, when calculating the results 
from the diagrams given by Gibson, two opposite acting errors 
arise, of which the first has an order of magnitude of —1 per 
cent, and the second +1 per cent. 

One more objection, which, however, does not refer to Gibson's 
method, itself, but to the calculation of the results from the 
measurements, is connected with the apparatus used by Gibson 
for recording the pressure diagram. This objection, therefore, 
has to be taken into closer consideration. The main parts of the 
pressure-recording apparatus are shown in Fig. 9. The glass 
tube 2 is connected through the water-filled tube 1 to the con- 
duit at the measuring cross-section C; the lower end of the glass 
tube is connected by a U-tube to the smaller riser pipe 3. ‘The 
riser pipe and the glass tube are filled with mereury as illustrated 
in the figure. The pressure fluctuations in the measuring 
section cause oscillations in the mercury column which are re- 
corded photographically by illuminating the glass tube from the 
right. The lens 4 casts through the narrow vertical slot 5-5, an 
image of the mereury column on the photographic film 6 which 
is moved in a horizontal direction by a clock-work mechanism, 
A cord pendulum, not shown in the figure, covers the slot for a 
short time during each second and in that way marks the seconds 
on the film. 

This arrangement has considerable experimental advantages 
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because, on one hand, only friction from fluid exists and because, 
on the other hand, the instrument can be calibrated easily before 
each test. Calibration is accomplished by adjusting different 
pressures in the tube, 1, by means of the valve 7, the pressures 
being measured by determining the difference in height between 
the levels of the mercury columns, which are photographically 
recorded. The pictures of two fine wires, 8 and 9, which are 
stretched across the glass tube, serve as marks for the measure- 
ments and consequently one is independent of accidental dis- 
placements of the film in a vertical direction. 

Although this arrangement has great experimental advantages 
it also has the disadvantage of having a long natural period of 
oscillation. Consequently, the instrument does not show the 
instantaneous value of the pressure in the measuring section. 
It also oscillates a long time after the turbine gates are completely 
closed. To separate the influence of the oscillations which occur 
after closure, Gibson first determines the point at which the re- 
corded pressure line runs into the line for the damped oscillations 
which remain after entirely closing the gates. The point k in 
Fig. 8, indicates the time when the gates reached the closed po- 
sition. Gibson now considers, as the end of the authoritative 
pressure diagram for the calculations, the time at which the line 
for the damped oscillations first reaches a maximum or minimum; 
the position of this maximum or minimum is thereby exactly de- 
termined by a small additional calculation. One might now ask 
if this determination of the end position of the diagram causes 


errors. Of the terms standing on the right side in the equation 


d 
for a Equation [24], the first one predominates. For that rea- 


gon, it is of great importance to take correctly from the diagram 
the time integral of the pressure difference or the time integral of 
the pressure in the measuring section, because the pressure in the 
inlet changes very little and furthermore is recorded by an inde- 
pendent apparatus. If the motion of the mercury column should 
take place without friction, the stipulations selected by Gibson 
for the limits of the diagram should correspond to the real facts; 
the impulse in the mercury column is zero at the end as well as 
at the start of the observation, because at both times it is at rest 
and, therefore, the content of the diagram surface corresponds to 
the time integral of the pressure in the measuring section. When, 
however, in reality the fluid friction of the motion of the mercury 
column has to be overcome, there is also impulse absorbed by the 
friction force during the observation. When, as in this case, it is 
permitted to consider the friction proportional to the velocity of 
the mercury column, it is easily shown that the total impulse ab- 
sorbed by the friction is dependent only on the difference in the 
pressure at the beginning and at the end of the observation. 

In order to prove this specifically, we simply indicate with 
p the pressure in the measuring section and with p’, the pressure 
recorded by the apparatus. The error in the result, which is ob- 
tained if one takes into consideration only the predominating 
first term in Equation [24], is 


Ac = oe (Sp dt — fp’ dt) 
yb 


It is possible to write the equation for the motion of the mercury 
column in the following form 
d*p' 
a 
dt? 


Ht Dp =p eee 


where a is a coefficient depending on the mass of the mercury 
column, its cross-section, etc., and k is a friction coefficient which 
we might consider constant at deflections whieh are not too large. 
By integrating Equation [25] once for the time between the be- 
ginning (index 0) and the end (index 1) of the observation: 


‘ 
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dp’ dp’ a x 
al (ne k (px! — po’ ‘dt = 
a (2 ) (2 ),| + k (pi’ — po!) + J Pp =) pdt 


In this expression the first term is zero because the mercury 
column is at rest at the beginning and at the end of the observa- 
tion. The third term on the left side is the time integral for the 
pressure diagram which, therefore, is too small by the amount 
k(p\' — po’). It is possible to calculate the heretofore unknown 
constant & from two quantities which we can take from the dia- 
grams, namely the time 7’ for the natural period of the apparatus 
and the proportion y, in which each deflection of the damped 
oscillation stands to the following deflection on the same side. 
If one indicates the (almost) constant pressure, which appears 
after complete closing of the gates by pz, the general solution of 


Equation [25] results in 
i ee 1 k? 
Nice ee V-2 ( 


and, after some calculations the expression 


T loge v 


iS 
loge w)? 
on? 45 &e ¥) 
2 
The second term in the denominator one can neglect for the 
values of y here occurring. The time integral of the pressure 
difference according to this is too small by an amount of 
ae loge y 


Teeaee (pi — po’) 


pi’ — po’ we can read from the diagrams, but no unit for mea- 


suring is given. One can, nevertheless, give the proportional error 
in the quantity of water. 

From the first diagram (Fig. 8) Y = 1.54, T = 3.8 sec, and the 
error in the water quantity = —0.83 per cent. 

For the second diagram (numerical example, Gibson’s Fig. 10) 
y = 1.57, T = 4.0 sec, and the error in the water quantity = 
—0.62 per cent. 

The true quantity of water has in both cases been greater than 
it was calculated to be according to these values. In both dia- 
grams the first extreme value of the recorded pressure which ap- 
pears after the complete closing of the gates is a maximum. If 
the first recorded extreme value should have been a minimum the 
error should have been positive and, concerning the amount, much 
smaller. From Gibson’s publications in which the calculations 
of the test on the method at Cornell University appear, it is not 
possible to see in which direction the error has been acting. 

In the deductions above it was presumed that only the time in- 
tegral of the recorded pressure was of any importance, correspond- 
ing to the excluding of the three last terms in Equation [24]. 


Of these, the two last ones are very small correction terms, but 
C2 

the term aa (p49 — Peo) is worthy of consideration. 
Co 


It is now easy to understand that an error is added by the in- 
ertia of the mercury column which tends to increase apparently 
the quantity of water; at the beginning of the observation the 
recorded pressure stays below the real pressure and this causes the 
water velocity at the beginning and, therefore, also the above- 
mentioned term to be judged too great. It is not possible to 
determine the value of this latter error as exactly as the errors 
covered before. To get some idea of the valuation, the condition 
for the recording apparatus was calculated, presuming the simple 


de 
case that 7 is constant during the observation. By this it was 
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shown that the relative error in the quantity of water calculated 
according to Gibson’s direction, is 


Qn? \ 7, pm 


where 7’ is the time for the natural period of the apparatus, 7's is 
the time for closing the gates and p» is the average value of 


2 
peo— pat a (pAo— Peo) 
C% 
during the observation. Of course, the retardation of the water 
velocity during the observation is in reality not uniform, but 
nevertheless it is possible to use the above formula to determine 
the magnitude of the errors. 

By the formula, it follows, for the first diagram Fig. 8, that the 
error in the water quantity = +-0.3 per cent. For the second 
diagram (numerical example, Gibson’s Wig. 10) the error in 
water quantity = +-0.09 per cent. These are, therefore, unim- 
portant and disappear compared with the other errors. 

To sum up, it can be said the four sources of errors have been 
ascertained to be: 

Order of 


magnitude, 
per cent 
1 Error due to accessory motions, ...........655 —t] 
2 WPrror through false valuation of friction,....... {1 
8 Prror through friction of the mercury column. . 0.5 to —1 
4 Yrror through inertia of the mercury column,., -+-0.1 to ++ 0.3 


Besides these sources of error (as in every method) there are 
still others such as those caused by lack of precision of instru- 
ments, errors in measurement of the pipe line, inaccuracies in 
evaluation, ete. These errors, however, may with sufficient 
care be reduced to insignificant magnitude and need not be sepa- 
rately treated here since they affect every water measurement in 
a similar manner, 

Of the above four errors it is possible to eliminate the third one 
in the calculations of the result. The fourth is so insignificant 
that a rough valuation is sufficient. The errors Nos. 1 and 2 
are determinative in fixing the accuracy of the measurement. 
But these errors, also, are small so that one might well say in 
drawing a conclusion regarding the Gibson measurement in its 
existing form, that the accuracy under favorable circumstances 
is approximately equal to the aforementioned current-meter 
measurements taken with great care under favorable circum- 
stances. 

For the review of the specified magnitude of errors it should be 
noted that they are drawn only from the diagrams published 
by Gibson and furthermore that in the evaluation of error No. 1 
it has been assumed that the stream is as smooth as ean be prac- 
tically attained in a straight pipe. In case, however, the mea- 
surement section lies behind a bend as occasionally appears to 
have been the case (e.g., at the Queenston Plant, denoted by Gib- 
son as a typical plant) greater amounts of error No. 1 have to 
be reckoned with. When, for example, one-tenth of the measured 
cross-section is taken up by the dead water area adjoining a bend, 


1 
vi? increases 9’ i.e., from about 0.04 to 0.15. A measurement sec- 


tion with smooth current is desired for the Gibson water measure- 
ment method even as for the current-meter measurement. For 
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the test at Cornell University, the measuring section lay in a 
long straight stretch; 
particularly favorable. 

On the other hand it must not be forgotten that the Gibson 
method looks back on only a brief period of development and that 
improvements are possible which must be founded on experi- 
ments. Through tests in a single experimental laboratory cer- 
tainly no judgment can be attained of the expected accuracy 
under other conditions, because it remains indeterminate in 
what way the opposing errors have neutralized one another. 
One should seek to separate the individual errors. ‘This can be 
done in various ways. If, for example, under otherwise perma- 
nent conditions, the length L be increased, error No. 1 is in- 
creased to a lesser degree than error No. 2 (the magnitude of the 
accessory motions will not increase after L has exceeded a definite 
value depending upon the pipe diameter). On the other hand, 
one may isolate error No. 2 if the pressure difference between 
two points on the pipe is used instead of the pressure difference 
between the measured section and the reservoir. (This method of 
water measurement has already been applied by Mr. Gibson.) 
If we have for the first measuring section a sufficiently long 
straight “runway” and, back of the second measuring section, a 
sufficiently long outlet stretch (because of the back current) then 
the accessory motions are of the same magnitude in both sections 
and their influence on the pressure disappears. In present plants 
these conditions can only seldom be attained. We can, however, 
attain them in a special experimental installation. Also the 
influence of a bend in front of the measuring cross-section, the 
disturbance due to too close proximity to the outlet, and other 
conditions can only be determined in an experimental installa- 
tion. In contrast to the present conditions where only a rough 
valuation of the magnitude of the errors is possible, one will then 
be able to give the corrections which must be applied to cancel 
the error in the final results. Since the errors are not large in 
themselves, no very great relative accuracy in such corrections is 


the conditions in this respect were also 


necessary. 

One must not be startled by the considerable work which will 
be necessary for the attainment of this perfection. Even for 
such simple measuring, apparatus as, for example, the scale, or 
the compass being affected by the ship’s movements, it was 
necessary to do an exceedingly great amount of work in the 
theoretical and also in the practical field in order to attain pres- 
ent-day perfection. One must not expect that it will be different 
with the new water-measuring method. Furthermore, sufficient 
incentive for work is not lacking here. ‘The Gibson method has 
in many cases great practical advantages over other methods; 
it also makes possible a measurement under conditions where the 
other methods could not be applied. Therefore, we should strive 
for a further step in accuracy since the most exact measurements 
are of the highest importance to the technical advancement of 
water-turbine construction as a supplement to, and check of, ex- 
periments in experimental laboratories. 
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Experimental and Practical Experience 
With the Gibson Method of 


Water Measurement 


‘A Discussion of Prof. D. Thoma’s Paper on ‘“The Degree of Accuracy of the Gibson Method 
of Water Measurement (1) 


By N. R. GIBSON! anv E. B. STROWGER?, NIAGARA FALLS, N. Y. 


The Gibson method is based on the equation of impulse 
and momentum applied to an enclosed column of water 
in motion. It is applicable in testing hydraulic power 
plants where the turbine is supplied with water through 
a closed conduit and means, such as turbine gates, are 
available for interrupting the flow of the water. To apply 
the method, it is necessary to obtain pressure-time dia- 
grams, which show the changes with respect to time 
that occur in the conduit during and after the closure 
of the turbine gates. There are two kinds of diagrams: 
(a) simple diagrams, in which the changes of pressure 
at one point in the conduit are recorded, and (b) differ- 
ential diagrams, in which the difference between the 
changes of pressure at two points in the conduit are 
recorded. 

Professor Thoma (1)? has discussed quite thoroughly, in 
an accompanying paper (Trans. A.S.M.E., 1935, HYD-57-4), 
the conditions of water flow which may affect the degree 
of accuracy of the Gibson method of water measurement, 


and momentum applied to an enclosed column of water in 
motion. It is applicable in testing hydraulic power plants 
where the turbine is supplied with water through a closed conduit 


She Gibson method is based on the equation of impulse 


1 Vice-President and Chief Engineer, The Niagara Falls Power 
Company, Niagara Falls, N. Y. Mem. A.S.M.E. Mr. Gibson 
was graduated from the University of Toronto with the degree of 
B.A.Sc. in 1904. His professional career includes engagements with 
the Ontario Power Company of Niagara Falls, the firm of Smith, 
Kerry & Chace, Consulting Engineers, and The Niagara Falls Power 
Company. He became vice-president and chief engineer of the 
latter company in 1926. After the merger of this company with 
others, he was appointed vice-president and chief engineer of the 
Buffalo, Niagara, and Eastern Power Corporation in 1929 and 
vice-president of Niagara Hudson Power Corporation in 1931. In 
1930, Mr. Gibson was awarded the Elliott Cresson Gold Medal by 
the Franklin Institute, Philadelphia, for his invention of the Gibson 
Method and Apparatus for measuring the flow of fluids in closed 
conduits. In 1931, he received an honorary degree, D.Eng., from 
the University of Toronto. 

2 Hydraulic Engineer, The Niagara Falls Power Company, Niagara 
Falls, N. Y. Mem. A.S.M.E. Mr. Strowger was graduated from 
the University of Rochester in 1918 with the degree of B.S. in Me- 
chanical engineering. He was employed from 1918 to 1919 by the 
Interlake Engineering Company of Cleveland, Ohio, and in 1919 
became connected with the Niagara Falls Power as draftsman and 
designer. In 1928, he became assistant hydraulic engineer of The 
Niagara Falls Power Company and in 1929 became associated with 
the engineering staff of the Buffalo, Niagara, and Eastern Power 
Corporation. 

3 Numbers in parentheses refer to similarly numbered references 
at the end of this paper. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting of THe AmpRICcAN Socipty OF Mecuanicau ENGI- 
nEERS, December 4 to 8, 1933, New York, N. Y. 


when using the simple application method. In general, 
he has considered four errors due to (No. 1) accessory 
motions, or extra currents due to turbulence, (No. 2) 
false valuation of the friction in the conduit during clo- 
sure, (No. 3) friction of the mercury column, and (No. 4) 
the inertia of the mercury column. 

In discussing the Thoma article, the authors have first 
given a somewhat more detailed proof of the fundamental 
equation applying to the method and have supplemented 
the derivation with a graphical representation of the terms 
of the equation on the diagram itself. Test results on 
a long pipe are shown where both kinds of diagrams were 
taken and where the agreement between the two sets of 
diagrams is within 0.2 per cent. The test results are 
discussed and a detailed study is made of the effects of 
the four errors. 

The authors conclude that the residual error is probably 
within the limits of precision possible when large quanti- 
ties of water are being measured. 


and means, such as turbine gates, are available for interrupting 
the flow of the water. To apply the method, it is necessary to 
obtain pressure-time diagrams, which show the changes of pres- 
sure with respect to time that occur in the conduit during and 
after the closure of the turbine gates. There are two kinds of 
diagrams: 


Simple diagrams—in which the changes of pressure at one 
point in the conduit are recorded 

Differential diagrams—in which the difference between the 
changes of pressure at two points in the conduit are 
recorded. 


Pror. THoMA’s CONCLUSIONS 


Prof. Thoma has discussed quite thoroughly the conditions of 
water flow which may affect the degree of accuracy of the Gibson 
method of water measurement when using the “simple” ap- 
plication of the method. In general, he has considered and 
enumerated four errors due to (No. 1) accessory motions or ex- 
tra currents due to turbulence, (No. 2) false valuation of friction 
in the conduit during the closure, (No. 3) friction of the mercury 
column, and (No. 4) the inertia of the mercury column. The 
first two are regarded as about 1 per cent in magnitude and are 
negative and positive, respectively. The last two are of opposite 
sign also, but are of the order of 0.5 of 1 per cent. Under favor- 
able conditions, Prof. Thoma regards the accuracy of current- 


Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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meter measurements as about 1 per cent, so that he concludes as 
follows: 

Of the above four errors, it is possible to eliminate the third one in 
the calculations of the result. The fourth is so insignificant that a 
rough valuation is sufficient. Errors Nos. 1 and 2 are determinative 
in fixing the accuracy of the measurement. But these errors also are 
small so that one might truly say in forming a conclusion regarding 
the Gibson measurement in its existing form that the accuracy under 
favorable circumstances is approximately equal to the aforementioned 
current-meter measurements taken with great care under favorable 
circumstances. 


Friction NEGLECTED 


In the following discussion the equations given, when identical 
with those of Prof. Thoma, will have the same number assigned 
to them as those in the Thoma article. First neglecting friction, 
the velocity of the water in the pipe is uniform and no accessory 
motions arise. 

Considering Fig. 1, if A is a point sufficiently distant in the 
reservoir, then it can be readily shown that the supernormal 
pressure existing at any point C in the conduit caused by a re- 
tardation forced on the water column is given by 


where c is the velocity in the conduit, y the weight of a unit 
volume of water, and L is the “equivalent length” of the water 
conduit. If B is a point near the inlet where the pipe section is 
typical and if we draw the stream line going through A and desig- 
nate by u the velocity at any point of the stream line, then the 
equivalent length to point B is l’ and may be found from 


where dz is a small length. 

Prof. Thoma points out that Equation [8] is the fundamental 
equation for pressure at section C neglecting friction and acces- 
sory motions. He then shows that this is the pressure recorded 
by the Gibson apparatus if no friction or accessory motions exist 
and concludes therefrom that with no accessory motions and with 
no friction the Gibson method is rigidly correct. The inertia of 
the mercury and the friction of the mercury in the U-tube in the 
Gibson apparatus will be considered later on and it will be shown 
that they have only a small influence upon the measurement. 
The following is a demonstration of Prof. Thoma’s rigorous proof 
of the Gibson method. Let us designate A as a point on the 
extended axis of the pipe as shown in Fig. 2, ¢ as a measure of 


6 
velocity potential expressed a: = =vor¢d = Sf voz, p, as before, 
x 


the pressure at any point, and dt any small interval of time during 
the closure, then 


and that at C is 


Cc 
set teal Vdt=¢op tle ='cet+ke=Lk...[6) 
B 
Then 
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Substituting in [4], we get 


¥ 
— =-l' SER LIORY dels Aiea i 
PA PB 9. at ae 1? 29 [7] 
and 
y _ de (ie 
— =-L— a= leehenole eran eee 8 
Pa Pc ya inf 29 [8] 


This equation is identical with Equation [3], whence the fore- 
going conclusion. 


GRAPHICAL EXPLANATION OF Equations [3] AND [4] 


Fig. 3 shows graphically the equality expressed in Equations 
[3] and [4] neglecting accessory motions and friction and using a 
diagram made by a gage having zero inertia and zero friction. 


ACCESSORY COMPONENTS OF VELOCITY AND FRICTION 
CONSIDERED 


Now considering friction and the accompanying accessory 
components of velocity or ‘‘accessory motions,’’ Prof. Thoma 
shows that the Gibson method, as applied by the use of the simple 
diagram, is not entirely independent of these motions. We may 
designate the value of momentum contained in the space be- 
tween B and Cas J, and we may define 7, as the value of momen- 
tum supplied from t = 0 tot = ¢ through section B by the inflow- 
ing water, and 7¢ similarly as the value of momentum which has 
gone out through section Cfromt = Otot =¢t. If we coina new 
term for the first derivative of 7g with respect to time and call 
this derivative the “impulse current” through section B, then 
the impulse current is the momentum gained or lost per second 
and has, therefore, the dimension of a force. The increase per 
second in the value of momentum contained in the space between 
B and C is equal to the value of momentum supplied per second 
through B with the value of momentum through C deducted and 
with all external forces acting in the direction of flow added. 
This is expressed as follows 


a _ dip dic 
dt dt dt 


To determine J, we must integrate the expression for the 
momentum of a small particle of mass. This may be expressed 


as 
7, 
dm V =~—dzdfV 
g 
Then 
w= f Tagvate f vy 
g g 
But 
fvaee 
so that 
al =~ of dz 
g 
and 
ta 2 eee a [10] 
g 


where f is the cross-sectional area of the conduit. The momen- 
tum contained between B and C depends only upon the quantity 
of water flowing per second and is independent of the distribution 
and side components of flow. By taking the first derivative of 
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Equation [10], we get an expression for the left-hand side of 
Equation [9] 


di 
The impulse current through section B is an which equals 


the product of mass per second by velocity because in this section 
all particles have the same velocity c 


di 
To get an expression for ef in Equation [9], consider Fig. 4. 


The flow is not uniform with respect to both time and cross-section. 
The instantaneous velocity at any point in the section is v. Prof. 
Thoma divided this instantaneous velocity into two com- 
ponents, vm the average value of velocity for the point in 
question, and v’ the component of oscillating velocity. The full 
line in Fig. 4 refers to the instantaneous values of velocity and the 
broken line to the average value with respect to time. 


The value of momentum discharged through the element df 
in section C in the time df is 


(um + v’)2 df dt 


Taking a short interval of time At, then this expression for the 


element becomes 
J fe (um + 0’)? df dt 
g 


At 


2 
ut fewar ry fowarra f va 
At At At 


The first integral is equal to vm? At, the second is zero since Um 
is a constant and fv’ dt = 0. The expression for the outgoing 
impulse then becomes 


Xarmea tay f oma 
g g ke 


For the whole cross-section Aic becomes 


sonal a far v!?dt..... [14] 
g . 9. Z 


If we use the symbol V1? as the average value, for the whole 
cross-section, of the square of the variable velocity 0’ with respect 
to both time and cross-section, then we may write 


or 


Aig = x a f Vm? df + : INDIE WGP Ea co ooo (15] 
ii 


Changing At to dé since the distinction was made in order to 
define v;, Equation [15] becomes 


dic _ 7% fi PAdad tics £ Van eames » [16] 
dt ce g 


) 


Fira. 1 Fie. 2 


(Thoma’s Figure 1.) (Thoma’s Figure 2.) 


l= i time 


Fig. 3 


(2) (o) (©) 


Fie. 5 
(Thoma’s Figures 4 and 5.) 


Fie. 4 
(Thoma's Figure 3.) 


For further simplification we may take 


where v” is the deviation of the average velocity with respect to 
time in the element considered, from the average velocity in the 
whole cross-section. This relation is shown graphically in Fig. 4. 
Equation [16] then becomes 


rane af was foars YF Vi. [18] 


The first integral becomes c?f, the second is equal to zero since 
Se" df is zero. Equation [18] then becomes 


dic 


= ~ fe? te Sip Var Te SEF Pape eth Eee [19] 
di 9g g g 


Where V;;2 is the average value of the square of v” over the 


cross-section. 
dJ dig dig 
Je - have expressions for —, —,and — which may be 
We now have expression: ae a a y 
substituted in Equation [9]. If this is done, we get 
¥ = 2 + fixe 
1 _2 ata al ie +2 
g 
Since the forces =P acting on the water column consist of the 


pressure difference between B and C and the force R caused by 
friction, then ©P = f(pg — Yc) — F and we may write 


d = € 
aie: = a iV fe Vat + f(ps — pc) — RB. . [20] 
godt g g 


Since the friction on the way to section B may be neglected we 
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may use Equation [7] to eliminate (pg — pc) from Equation 
[20] as follows, remembering that 1 + l’ = L 


y,,de yc? 
a = — — — = — _ if — 
PB Pc (Da Po) (Da Ps) = Pa—Pe 4 eae 2g 
and then 
dc C2 
Tp =F (ine) — eee 
g dt 29 g 


To evaluate R&, it is assumed that during the closing of the 
turbine gates the friction is the same as it should be at a con- 
tinuous flow with the same quantity of water per second. The 
friction is proportional to the square of the average velocity so 
that 


where f, is the initial value of R immediately before the test and 
d 
similarly co is the initial velocity. When R = Ro, the a =()s 


so that 


Co? 
Peo) ij 29 


Ro = f (pao A! (Vite? + Vio2).. [23] 
The first item of the right member represents the initial difference 
in pressure between A and C, the second, the initial velocity head 
pressure, and the third represents the amount by which the ac- 
tual friction is smaller than would be found if the accessory 
velocities were neglected. This is evident when Bernoulli’s equa- 
tion is written for the two points in question, using the average 
velocity conly. Substituting the value of R obtained from Equa- 
tions [22] and [23] in Equation [21] we get 


-/ | we Pa) + = (P49 — Peo) + a: Ase se Wie) 
yL Co g 


2 


= < a (Var? 5 Vie?) | ele 
Co” g 


In this equation, the third item on the right, = (Vit + Vr), 
g 
indicates for every interval of time the influence of the accessory 


de 
velocities on the force available for the retardation — a and the 


c 
fourth term, = d (Vito? + Vio”), corresponds to the decrease from 
Co” g 


the value of friction at continuous steady flow. 
If accessory velocities or accessory motions be neglected, then 
Equation [24] becomes 


de g 
die = L 


C 
(De Pa) + a5 (p40 — PCo) 
Co 


which expresses the fundamental relations as used in the de- 
lineation of a pressure-time diagram of the Gibson method. 
This equation states that the water-hammer pressure resulting in 


L de 
a time dt, = a’ is equal to the pressure difference between points 


A and C plus the pressure still necessary to maintain the ve- 
locity and friction heads at this time. This is shown graphically 
in Fig. 3. 

Prof. Thoma mentions that this equation could also be obtained 
if we suppose that Vi? and V1? decrease during the closure pro- 
portionally with c?. If this were true the last two terms in 
Equation [24] would balance each other. As in Fig. 5, he shows 


‘ 
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a section (a) representing the initial conditions of flow, a section 
(b) representing the flow at an instant during a sudden closure, 
and a section (c) typical of conditions near the end of a relatively 
long closure. 

During a sudden closure “all water particles are then for the 
same short time under the action of the same strong pressure rise 
so that the velocity of each particle changes in value correspond- 
ing to the velocity at the beginning; the values V;; and Vy have 
then not changed during the sudden decrease in the water quan- 
tity to zero.” With a long closure, however, the distribution 
of velocity may change considerably according to Prof. Thoma. 
In any case, however, consider Vy? + Vy2 = Vito? + Vio? which 
Prof. Thoma says will come closer to the truth than the assump- 
tion that Vi? and V1? decrease proportionally with c?. This is 
probably an approximation of what happens. If we consider a 
complete closure, then in Equation [24], c is equal to zero and 


dc 
7 is equal to zero at the end of the closure so that 


Po— Pa = ae (Vir? + V1?) 


represents the pressure below normal at C at the end of the closure 
due to the accessory velocities. 
The relative errors in the velocity measurement using a pitot 
tube at any one point in the cross-section may be expressed as 
0,2 
20m? 
additional velocity varying with respect to time. 
shown by referring to Equation [13] as follows: 


2 = ym? + Qumv’ + v2 


v 
fm - fi mraer fi moras f v’? dt 
At At At At 


The first integral of the right-hand member equals v? nt, the second 
equals zero because vm is a constant with respect to time and by 
definition f-v/dt = 0, and the third equals v,2 At by definition. 


Then 
if vdt 


Al 


where v;” is the average value of the square of the variable 


This may be 


— 2=— 2 2 
= Ua = Um + Vv) 
At 


But v,? is a measure of the pitot tube reading and »,,? is a measure 
of the true velocity. The relative error in the velocity measure- 


ment is 
Ve Dn hy = AYO ae 
Um Um 
or 
2 )1 
na 

1 ade — 

Vag — Um a Vg — Vq 
Um Um 


H0)-40N =| 
8 \v, 16 \v, —e 


Neglecting the terms in the expansion where the exponent is 
greater than two, the expression becomes 


t= On 
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But we may equate ve = vm with small error in this fraction, so 
that we may write 


Relative error = = — 


If one states that the pitot-tube measurements are in error by 1 
per cent and remembering that vm changes to cy and v; changes to 
V; when we are considering the whole cross-section, then, at the 
beginning 


Vig? = 2 (0.01) co? = 0.02 co? 


In evaluating Vir? it is known for water distribution in long, 
straight, smooth pipes that Viro? = 0.02 ’. But Prof. Thoma 
thinks this condition too favorable because turbine conduits are 
hardly ever as straight and smooth as the pipes with which the 
formulas for the water distribution were obtained in the labora- 
tory and also because in most cases the flow is affected by dis- 
symmetries caused by an unsymmetrical inlet. For this reason he 
estimates that Viro? = 0.04 c®. Then with these assumptions 


Vito? + Vio? = 0.06 c? 
and assuming 
Vir? + Vi? = Vito? + Vin? 
and furthermore assuming a uniform change in c from ¢y to zero 
during the closure, then, in Equation [24], the expression 


2 
4 (Vir? + Vr?) — = % (Vio? + Vio?) 
g Co” g 


which may be considered the average error for the whole observed 
time is equal to 


Y 1c 
A eee 
0 

fi ee SSE (Vito? + Vio?) 
which becomes 

2 

= 7 (0.06) co? 

39 


To take into account the variation in (Vir? + V1?) during the 


2 
closure between (Vito? + Vr?) and ss (Vito? + Vio?). Prof. 
0 


; Ph eat 
Thoma reduces the factor 3 to 3’ obtaining as the average value 
of the error 


Cc r 
0.02 ~ e? = 0.04 7 — 
g 29 


The error in cfs may be expressed as 


K 0.04 co? 0.02 7's cv” 
— i 
SF 2g F 


FE, in cfs = — 


where K is the calibration constant of the apparatus, (2) equals 


‘ S is the horizontal length in in. corresponding to 1 sec of 
a 


aL! : ‘ A 
time, F equals = -, 7's is the length of the diagram in sec, and r is 
a 


the vertical height in in. corresponding to one ft of pressure 
change in the conduit. The relative error in per cent may be 
expressed as 


ee TS co? 
0.02 Tat SF_ _2T7Se" 96) 


E, in per cent = — (100) FP KA KA 
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where A represents the net area of the diagram in square inches: 

Taking the diagram used in the numerical example given in 

Mr. Gibson’s paper (3) which is run No. 15 of the test on unit 

No. 16 of station 3-B of The Niagara Falls Power Company, 

made August 17, 1920, the measured quantity of water is 1708 

cfs and the average error in height of diagram in ft of water pres- 
9.06? 


sure is (0.04) 
64.4 


= 0.051 ft. The error in water quantity with 


(0.02) (17.1) (8.97)? 
1.939 


the above assumptions is 14.2 cfs 


and the error in per cent is —0.84. 

Taking the diagram shown in Fig. 8 of Prof. Thoma’s article (1), 
which is run No. 1 of the test on unit No. 2 of station 3-A of The 
Niagara Falls Power Company made December 11, 1921, the 
measured quantity of water is 608.5 cfs and the average error in 
(0.02) (11.51) (9.77)? _ 


3.67 
—0.98 instead of —1.5 as obtained roughly by Prof. Thoma. 

We come now to a consideration of the foregoing in respect to 
the differential application of the Gibson method in which the 
difference in pressures at two measuring sections is recorded. 
Under these conditions Vir? and Vi? at each measuring section 
must be considered. These quantities vary alike for the two sec- 
tions where the upper one is located a reasonable distance from 
the inlet and where the area of the penstock is nearly the same 
at each section so that the distribution of velocities at each sec- 
tion is approximately the same. 

For the differential diagram, Equation [24] may be written 
as follows for the measuring sections C, and C2 


cfs is 6.0 or a percentage error of 


dco Co” 
<2 _ 4 | ee. (ae a (PAy— Por) + + (Vir? + Vi?) 
dt yLe C29” g 
C2? 
— = Viet + 3 | 
C2°o J 
dc, g | Cieae 
SS | (es = 1) SE Oa 
dt vie (Poy A) au? & 0 10) 


ce ¥ 
4% (Wut + Ve) > Vint + v6" | 
g Cio 9 
Combining these equations we get 


Ly deg yLr 2 c2? 
Oy (ec ee | Se — a) ae eee 
( g dt g dt (Pog c1) ae (Po 20) 
2 C22 czy 
= a (P49— Pei) — = x (Vito? 47 Vio?) te = (Vino? ae Vio?) 
C19" C29” J Cio” 9 


But 
Cece 2 Gree 
C20 i Cio dt dt 
so that 
C2 ¥ ey ee : 
— = (Vito? + Vio?) = Fae (Vito? + Vio?) 
Cao” J Cio 9 
and 
2 d 4 
s yL2 des yl, ay ps, (Eeedio) es 
g at g at g dt 


c2* cy 
= | (ea. —Pep + =; Pay — Pern) — 5, (Pao — Pen) | 27] 
20 10 
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TABLE 1 TEST OF UNIT NO. 20, STATION 3-C, THE NIAGARA 


FALLS POWER COMPANY, JUNE 22, 1924 
Run 10 (Differential diagram) 


Net area 
corrected 
Planimeter Gross Slot | Net for 
readings Differences area correction area shrinkage 
17.103 
4.087 
13.016 8.171 0.135 8.036 8.086 
4.084 
8.932 
K = 40.23. F = 0.2522 Headwater elevation = 560.19 
S = 0.4645 Tailwater elevation = 341.60 
— (40.23) (8.086) _ Gross head = 218.59 
ets (0.4645) (0. 2522) gs 
Leakage 16 he + hr = 2.06 
Total discharge ~ 2793 cfs Net head = 216.53 
Generated kw = 46,933 
Quantities for net head = 213.5 ft 
Q = 2773 cis 
kw = 45,920 


This is the general equation for the differential diagram with 
the areas at the measuring sections nearly the same. If these 
areas are equal then co) = Cio and c; = ¢; and the last two terms 
simplify to 


5 (p49 — Pero) 


C22 
mip (Pero ira Pca) 
20 


Co” Co? 
9 (p49 — Per) — 
C29 C 


‘3 We | 


Ss: ae4 


SSNS) 


Lower Gibson piezometer section 


A. "3 (2 Upper Gibson piezometer section 
W/kz|| gY 
ori rc Fe, JAY MOC RRO OSE Si SUE OES Z 
aS 5 Gee e 
SS | UFZ FY IES fA NCA hl I ETD EOS 


_ 599.26 | to forebay on ¢ of penstock 
b 65-10" |, 87'-3" | 


Fig. 8 


‘ 
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TABLE 2_ TEST OF UNIT NO. 20, STATION 3-C, THE NIAGARA 


FALLS POWER COMPANY, JUNE 15, 1924 
Run 9 (Simple diagrams) 


Mean area 
Planimeter ; corrected (1 —r)? 
readings Diff. for slot A r d-r)(Q—-r? xX¢ 
a, 28.106 
26.807 1.299 2.601 
25.505 «1.302, 02070 2.531 0.088 0.912 0.8382 0.857 
2.531 
a. 30.804 
29.457 1.347 2.698 
28.106 1.351 0.036 5.193 0.181 0.819 0.671 0.691 
2.662 
az 10.065 
8.300 1.765 3.527 
6.538 1.762 0.045 8.675 0.302 0.698 0.488 0.504 
3.482 
as 14.953 
12.505 2.448 4.888 
10.065 2.440 0.043 13.520 0.471 0.529 0.280 0.288 
4,845 
as 18.989 
15.246 3.743 7.492 
11.497 3.749 0.040 20.972 0.730 0.270 0.073 0.075 
7.452 
as 26.590 3.800 
22.790 3.801 7.601 28.570 
18.989 0.003 0.166 
7.598 28.736 
40.450 
Total net area 26.070 14.380 28.784 
11.666 14.404 0.237 slot correction 
ona ) 
16) (1.699) (0.4425) 
Leak = = 
eakage area (72. 56) 0.166 
Area corrected for shrinkage = (28.547) — = = 28.704 
S = 0.4425 hv + hy (from net head piezometer) = Leak 
K = 72.56 ee (2786)2 1 = 5.08 
(153.94) 64.4 Foes 
F = 1.699 he = 2.23 
@ wm (12. DOSS or 
(0.4425) (1.699) Headwater elevation = 559.43 
Leakage = 16 Tailwater elevation 341.38 
Total discharge 2786 cfs Gross head = 218.05 
ht + hr = 2.29 
Net head = 215.76 
kw generated = 46,640 


es Lo Gibson tap = 
Quantities for net head = 213.5 
Q = 2770 cfs 
kw = 45,900 


0.49 in. on diagram 


and Equation [27] becomes 


x der 


— (Ll, — Ly 
(Lz na 


Co? 
| = Pach —, Ccnm= Pa ‘ab: . [28] 


Cop” 

Equations [27] and [28] are independent of accessory veloci- 
ties and so, as stated above, where the measuring sections are 
equal or nearly so, and where the upper measuring section is 
located at a reasonable distance 
from the inlet, then the differen- 
tial diagram is independent of ac- 
cessory velocities. 

Fig. 6 is a differential diagram 


EE 


on taken on June 22, 1924, during 
po the test of unit No. 20 of station 
ae 3-C of The Niagara Falls Power 


Company. Fig. 7 is a simple 
diagram taken on June 15, 1924, 
during another test on the same 
unit. The two diagrams were 
taken as closely as possible at 
the same gate opening and the 
same power output. Inthe case 
of the differential diagram (L» 
— I) is 87.25 ft and in the case 
of the simple diagram L is 599.26 
ft, as shown in Fig. 8. 


HYDRAULICS 


Table 1 shows the computations for the differential diagram 
and Table 2 the computations for the simple diagram. They 
show that when equalized for the same net head, the quantities 
of water as determined by these two different applications of the 
Gibson method agree almost exactly. 

The common power-discharge curve for the two tests of this 
unit is shown in Fig. 9, in which the quantities obtained by 
measurements using the simple diagrams are plotted by points 
enclosed in circles and those obtained from the differential dia- 
grams are enclosed in triangles. The average divergence of the 
. differential points from the line established by the single points 
is within +0.20 per cent. The agreement between the two tests 
then is within 0.20 per cent. 

This would point experimentally to one of two conclusions. 
Fither the positive and negative errors of both the simple dia- 
grams and differential diagrams are of equal magnitude and can- 
cel one another or leave the same residual; or Prof. Thoma’s es- 
timates of the magnitudes of these errors are too large. (1) Later 
it will be shown that when the differential method is used, errors 
No. 2 and No. 4 are small and are opposite in sign to error No. 3, 
resulting in a very small residual error. 


Error Dur To FatsE VALUATION OF FRICTION 


The assumption that the friction during the closing is Just as 
great as at continuous steady flow with the same amount of water 
possibly is not strictly true. Prof. Thoma points out that a 
downward friction force is exerted upon the back-flowing edge 
current during the last stage of the closure. This force tends to 
make the diagram too large and, therefore, causes a positive error 
in the result opposed to the negative error due to the accessory 
velocities. Estimating the average error in the friction from 
one-twentieth to one-tenth of the friction obtaining when ¢ = C, 
then the error in the quantity of water in square inches on the 


1 1 
diagram varies from + 50 hyp Ps S tO -- 0 hp) Ts S. Expressed 
as a relative error in per cent, this becomes 


hyo T's S 


E, = [(+8) to (+10)] —] 


where hy, is the friction expressed in inches of ordinate on the dia- 
gram. In the simple diagram, hy) is measured from forebay to 
measuring section and, in the case of the differential diagram, is 
measured between taps. 

For the diagram used in the numerical example this error be- 


comes 
(17) (0.4723) 
(+5) Th = +0.57 per cent 
to 
i) (17) (0.4723) 
(+10) 16.21 = +1.14 per cent 


This error for the diagram shown in Fig. 8 of Prof. Thoma’s 
article (1) with the same assumptions as to friction would be 
from 


(0.485) (1.20) (11.5) (0.728) 
18.20 


(+5) = +1.3 per cent 


to 


(0.485) (1.20) (11.5) (0.728) 
18.20 


(+10) = +2.7 per cent 
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: 


Discnarce - cfs. 
Fia. 9 


Prof. Thoma gets 0.9 to 1.8 per cent for these values because 
AiG 

he assumes that 33 per cent of Pao P00: the value of the fric- 
Uh 

tion head at c = Cy instead of 48.5 per cent as is actually the 

case. These are, of course, very approximate estimates of the 

errors. 
In the study of error No. 2, it is difficult to accept Dr. Thoma’s 


1 1 
coefficient 20 to —. This error could only exist to any appre- 


10 
ciable degree where the ‘‘velocity front” in the conduit is at- 
tenuated. Most penstocks of modern plants are so large that 
the velocity front is almost square. 

As will be pointed out later, adopting 0.075 as a mean value 
given by Prof. Thoma for the coefficient to be used in evaluating 
error No. 2 and evaluating errors No. 3 and No. 4 in accordance 
with the theory advanced, we find the mean residual error at 
point of maximum efficiency in 35 cases examined would be 
0.43 per cent without regard to sign but only +0.06 per cent if 
positive and negative values are taken into account. Thirteen 
cases gave positive results and 22 cases negative results. 


P Ay — PCo 


In many cases the factor on the differential diagram 


is not greater than /s to 1/, in. on diagrams from 4 to 8 in. long 
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and containing 20 to 50 sq in. of impulse area. Even in the small 
differential diagram shown in Fig. 6, the error due to false valua- 
tion of friction would, according to this estimate, amount to only 


1 1 (100)(0.11)(6.02) (0.4645) 
(+ ) i: (+ )| 8.086 


In a great many instances where differential diagrams have 
been used, a close check has been obtained both where the 
closures have been of long and of short duration. The error due 
to a false valuation of friction must be well under the figures 
suggested by Prof. Thoma. 


=Oie2 tO) 


0.4 per cent. 


Error Dvr To FRICTION OF THE MeRcuRY CoLUMN 


The equation for the motion of the mercury column is 


dp!’ dp’ 
p= tte). ph. Mac Crote 2 
Crt ga” qionls eae, [25] 


where p’ is the pressure recorded by the apparatus, p the pres- 
sure in the measuring section, a a constant depending upon the 
mass of the mercury column, its cross-section, etc., and k a friction 
coefficient which may be considered constant for small deflections. 
The friction is a function of the velocity of the mercury. The 


symbol p’ represents ordinates on the diagram and, therefore, 
A 


represents the position of the mercury surface, so that ee 


, 
represents the velocity of the mercury and k oe the frictional 


force. If we let ps represent the (nearly) constant pressure 
existing after the closure, then for the damped harmonic oscilla- 
tions we get 


d?p’ 
i - 
dt? dt 


po = 0 
Let (p’ — po) = p”; then 
d2p" dp” , 
aan rt ap P =e 


The general solution of this equation is (4) 


— 4 eee ae 
a /1 k2 1 k2 
"= e224 | A gi -— — B -— — }|t 
P € | xin( 3 =), + B cos (4! =) | 
—k 
—z?t 2 
p' =p +e%4 [asin (qi—#), 
4a? 


Fig. 10 


Fig. 10 represents a damped harmonic vibration as given by 
this equation with the constant p2 equal to zero so that the axis 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


of abscissas divides the figure symmetrically. The figure is also 
drawn for p’ = 0 whent = Oso that the constant B becomes zero. 

The value of k in the above equation may be obtained by mak- 
ing a few calculations. In Equation [30], when t = 0 then p’ = 0 
and we may make p, = 0. Then 


0 PT asi : HY 0 + B eos ( ; is 0 
= Sl -—_— -— — 
a 4a? \; 4a? 


Therefore, B = 0 and Equation [80] becomes 


Let w= 
And 
k 
— Da ee ee ee [33] 
Then 
DO! = ewe CAL Sinp tye oe eee [34] 
When t = nT, p’ = 0, so that w nT = n 27 or 
2 
he MR AES [35] 


For a maximum or minimum yalue of p’ 


dp’ 
a) = Be PA sin wi + eF A weos wt = 0 


w 
orwcoswt— Bsinwt = Oortanwt aia 


Whence the condition for a maximum or minimum is 


W tn = tan=" + (n—1) 20 
1 2 1 
tn = = tan-1 = OS ea eS = = tan = (y=) ee 
Ww B w w B 


i 2 1 
tea = — ne = GQ 28) tan ee 
w B w w B 


= ¢ Ptn-1 4 sin w tn 
po! = € 8 4 sin w tn 


-* tan7! ed (n—2) T 


pie ee sin w tn-1 


e 
e Fin A sin w tn | — Sian 2 @—DT 
eu B 


—F tan Zen — 27 + 2 tant 3 + B(n—?T 


y=e 
sy = ef Pn 1:28 1 BP re ee [36] 
Then we have 
Pa Plog. Sy aaa [36] 
2 
[men ON ak [35] 
WwW 
1 k? 
w= \: as 4a? 1a Poxe tse Subs ace wie rs, een ue [32] 
k 
B= 2a ah 8 o Sala iiapedete gee iene [33] 


HYDRAULICS 


1 k? 4n? 
a 4a? T? 
ra? 
4a — k? = 16 Te 
167? 


qr (2) — 4a + 8 = 0 


| 64 17k? 47°? 
+4+ 916— T sie qi- T2 


327? Sr? 
T? T? 
k 
y = e4 or logy=-—T 
2a 
ie kT | 81 1 
fy= rr 

we T? E a a 4 = 

\ [2 

4kr? 


Te 
T? (log y)? (: _ = ) = 16 k°x*— 8k? T (logy) + T? (logy)? 
4n?k? 
aes T? (log ¥)? = 16 k®xt — 8 ka°T (log y) 


—47? (log y)? k — 16x*k + 8x? T (logy) = 0 
[—7? (log ¥)? — 4x] k = — 2x? T (log y) 


bs 27? T log (v) 
~ 4n4 + 2? (log y)? 


_ _T (og ¥) 
l ») 
Qn? + (log ¥) 
2 
By integrating Equation [25] between the start and end of the 
closure, i.e., between ¢ = 0 andi = h we get 


dp’ dp’ ia ty 
2|(#) -(¥) | + k (pi! — po’) dh pdt “Th pat 


The first term of this expression is zero because the mercury 
column is at rest at the beginning and at the end of the observa- 
tion. The third term is the time integral for the pressure dia- 
gram which is evidently too small by the amount k (pi.' — po’) 
due to the friction of the mercury. 

Neglecting the second term in the denominator of Equation 
[37], we get for the expression k (pi’ — po’) 


T loge w 
27? 


(p1' — po’) 
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The relative error in per cent is 


100 T'S (loge ¥) (p1' — po’) 
a crincisiniy® 
Pe 2r? A 188] 


Evaluating 7, ¥, and (p1’ — po’) from the diagram of Prof. 
Thoma’s Fig. 8, 7 = 3.74 sec, y = 1.61, (pi' — po’) = 2.80 in. on 
diagram, so that 


Gy (100) (3.74) (0.728) (0.4783) a 


E; = 
Qn? (18.20) 


1.02 per cent 


Evaluating 7, y, and (p:’ — po’) from the numerical example 
given in Mr. Gibson’s paper, 7 = 4.0 sec, Y = 1.55, and 
(p1' — po’) = 2.33 in. on diagram, so that 
(100) (4.0) (0.4723) (0.488) _ 

Qn? (16.21) 


3 = 0.60 per cent 

It should be remembered that these numerical values apply to 
the simple diagram. In the differential diagram the correspond- 
ing error is reduced because only a small amount of mercury is 
used and consequently the natural period of oscillation xis 
smaller. Moreover the quantity of (pi’ — po’) is smaller as the 
forebay surge is eliminated from the diagram and with approxi- 
mately equal measuring sections there is little or no velocity head 
in the diagram ordinate. Furthermore by damping the gate 
stroke toward the end of the closure, this quantity may be made 
extremely small. 


Error Due To INpRTIA OF THE Mercury CoLUMN 


(org 
Considering the term — (PA) — Peco) in Equation [24], Prof. 
Co 


Thoma says: “At the beginning of the observation the recorded 
pressure stays below the real pressure and this causes the water 
velocity at the beginning and, therefore, also the above-mentioned 
term to be judged too great.” The relative error in the de- 
termination of the water quantity assuming the theoretical case 
where the destruction of velocity is uniform from the beginning 


dc 
to the end of the closure, i.e., 7 is constant, is given as 


[= T\ Ps — | 
Qr? T's Pm 


where T is the time for the natural period of the apparatus, Ts 
the duration of closure in seconds and p,, the average value of 


C2 
(Dein =r a, (PA — Pc») 
0 


; eee te) aah 
ae g Ge ge tis 


This expression gives the maximum value of the error because 


or 


; de : 
in a practical case a cannot be constant but is smaller at the 


start of the closure. This results in a closer agreement between 
the curve recorded by the surface of the mercury and the curve 
of true pressure. 

We may derive this expression for the limiting relative error 
due to the inertia of the mercury column as follows. With the 
assumption of uniform destruction of velocity, the actual pres- 


* This expression is approximate, the correct one being 


2(F 2 pao — PC 
Sr2\ Ts Dm 
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sure-time diagram occurring at section C is shown in Fig. 11 by 


—yL 
the area AGFEDCBA having a constant height a = p, 


s 


and a length T;. The actual diagram as recorded in this case 
would be AMLKJDCBA. The mercury lags behind the pressure 
line AGFE at the start and during the closure oscillates about 
GFE, in this case in a damped harmonic curve. The area of the 
diagram in either case considered above the horizontal base AX 
is the same. If we substitute the sine curve AQPON for the 
damped harmonic curve (i.e., neglect the friction in the mercury 
column), then by comparing the net area of the diagram as cal- 
culated by the Gibson method with the theoretical net diagram, 


(I- ral'tPasPe) 


Fic. 12 


an expression is obtained for the error due to inertia. The differ- 
ence, of course, is due to the difference in the location of the re- 
covery line on the diagram. In the case of the theoretical dia- 
gram this location is ABCD, and in the case of the actual dia- 
gram the location is AB’C’D. The actual recovery line oscillates 
about the true one making plus and minus errors which tend to 
compensate although the largest divergence occurs at the start of 
the diagram. 

Inasmuch as the line GFE is parallel with ABCD and the sine 
curve AQPON oscillates about GFE, we may assume that the 
ordinate (p4; — poo) = XD is zero for the diagram and recon- 
struct the figure as shown in Fig. 12. This will simplify the cal- 
culations. By integrating both theoretical and actual diagrams 
in Fig. 12 from t = 0 to some point t = ¢, we may then find the 


c 
value of r or — at this point. The difference in the value of 


Co 

(1 — r)?(p4y) — poo) for the two diagrams gives the error in the 
location of the recovery line and this expression integrated over 
the length of the diagram gives the error due to the inertia of the 
mercury. 

The general equation for the sine curve with CD as the axis is 
y = Asin kt + Beoskt. We may evaluate constants A, B, and 
k as follows: When t¢ = 0 then y = — p,,, so that — p, =0+ 
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ip 

B,or B = —p,,- Similarly when t = ry then y = 0, so that 0 = 
ff joel m 

A sink = cos k Ts cae = a Also when t = ° T 


i] 


5 
then y = 0, so that 0 = A sin — oer — Pm COS - ak or tan - : art 
Pp ne 


—. This results in the relation - er — — = 27, 0rk = ae 
A 4 4 1h 


We may, therefore, write 


ee eats a es 
Bian thet is 0g 


2 fhe i 
Substituting k = = in the relation A sin k rex Dm cos k ri we 


find that A = 0, so that we may now write 


Soda 
= —— Pm COS — 
y P Th 


Transferring the axis from CD to AB and using y’ for the ordi- 
nate to the curve, we may write the relation 


Qn 
=p -—— p. COsi-—at 


TIDE a T 


The area under the curve to any point ¢ is 


f v= fra — f° Pm cos = tdt = 


t hata Dae t) 
= pare m eet — 
De Dm = sin = r Pp Se inf 
The total diagram area is Do T;. The true ratio r; as used in 
2t t? 
delineation is 7; = Pmt = — and (1 —n)? = 1— — TT =——7 Dhe 
Pml's = T? 


approximate ratio 72 as used in the delineation of ne diagram as 
recorded by the mercury is 


er 
oe SYaaay 0 t a M. lg 
> = = I sin 
i Pals T. 2, T 
and 
1 a . e (si =» eT 
Ci 1)? a a deine ie 
2t 4 Tat = 
ee foot ap Si 
T. «xT, T 


The error in the location of the recovery line is then 


[(1 — rm)? — (1 — 1)?] (P4o — Poo) 


. i : 2 it qT? ; Qn ET E 2m 

= —— — sin Riz, 

(Pao x Rea) larts. Frage aay T Te TT 
2t fle 2Qr 2t t? 
tT, at. T t 7, cl 


This expression reduces to 


(p 63 ST Qn = T? : Qn cee Uh gin 21 
—— pas Bhi UO Bem! 
pe Oi Sr 4eT2\" 7 a. 


HYDRAULICS 


The error in diagram area to any time ¢ is 


t=t 
— tT 2a 1h 2a 
P Ago — P sn in — 
‘iy of, EE sin + Gare (sin? ) 


which reduces to 


LEP eS PX they 27 
(Pay — Peo) E Te sin T t+ 2 Te cos T t 


nee ws Qa ree 2a re 2 T? 20 : dP? 
= Sis hel, = 
Rage gn aera let. Ti T ORT, 


If we integrate from t = 0 to t = Ts, we will obtain the total 

amount of the error for the measurement. 7's can be taken as a 
2 2 

multiple of 7’ in evaluating cos - Ts; and sin 4 T. since at the 


end of the diagram the mercury is at rest.* 


aa / ne [T, Qn 
(P Ay — Pov) be Te sin T Ts+ Te cos T Ts 


T3 2m in ; Preppy tee Le T? 2m in 
— OS te tie NEL 8 Sa SEet Poet Cc ne, 
16x97? T T ST? wT. T 
T2 
u 2r°Ts 
This expression reduces to 
T? T? 
P4ay— P == 
( oe oo) 27°T's a 8227's 
or > 
Dee 
(P49 — Peo) 3 T, 
The relative error then is 
(Pay — Per) 5 7 
Ao Co 8 227s 5 oe sh 2 (Wan Poo) 
PmT's Sr? \T's Pm 


Expressed as a percentage this becomes 


E, = (+100) (*) = (4) oe x [39] 


or, for the simple diagram 


5 TS 
E, = (+100) (°) ss TA (Pay — Peo) .-- +++ [40] 
and, for the differential diagram 
a \\ ik TRESS 
E, = (+100) ) es TA (Poiy — P29) «+--+ [41] 


It should be noted that this is the maximum error due to the 
dc 
inertia of the mercury column since 7 has been assumed equal 


toaconstant. Ina practical case the velocity is not destroyed at 


4In Figs. 11 and 12, T; is not taken as a (whole) multiple of T, 
but 7’, is made equal to 2.5 T. The computation made herein refers 
to the case that T, = nT, n being a whole number. The case that 


i= (» + ;) T gives the same relative error. 
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TABLE 3 THEORETICAL CAUSES OF ERROR INVOLVED IN 
THIRTY-FIVE TESTS MADE WITH DIFFERENTIAL APPLICA- 
TION OF THE GIBSON METHOD 


4 Cause Cause Cause Residual 
Key : No. 2, No. 3, No. 4, of causes, 
No. Unit . per cent per cent per cent per cent 

i! 1 +0.36 —0.32 +0.03 +0.03 

il 2 +0.30 —0.28 +0.02 +0.04 

2 3 +0.66 —0.30 +0.17 +0.53 

3 3 +0.46 —1.21 +0.39 —0.36 

4 3 +0.12 —0.50 +0.09 —0.29 

+ 3 +0.30 —0.49 +0.11 —0.08 

4 6 +0.21 —0.61 +0.08 —0.31 

4 6 +0.29 —0.45 +0.09 —0.07 

4 6 +0.38 —0.56 +0.12 —0.06 

4 i +0.22 —0.90 +0.12 —0.56 

4 7 +0.31 —0.59 +0.14 —0.14 

a if +0.41 —0.49 +0.15 +0.07 

4 7 +0.38 —0.57 +0.17 —0.02 

4 8 +0.19 —0.58 +0.12 —0.27 

5 2 +0.22 —0.93 +0.03 —0.68 

5 3 +0.24 —1.01 +0.03 —0.75 

5 4 +0.22 —1.00 +0.03 —0.75 

6 1 +3.09 —0.28 +0.07 2.88 

6 3 +2.25 —0.27 +0.06 +2.04 

if 1 +1.07 —0.30 +0.02 +0.79 

8 1 +0.44 —0.28 +0,02 +0.18 

8 2 +0.00 —0.10 +0.00 —0.10 

9 8 +0.06 —0.18 +0.05 —0.07 
10 1 +0.28 —0.38 +0.02 —0.08 
10 2 +0.25 —0.38 +0.01 —0.12 
ll 1 +0.00 —0.09 —0.02¢ —0.11 
11 2 +0.00 -0.13 —0.03% —0.16 
12 1 +0.32 —0.96 +0.04 —0.60 
12 2 +0.13 —0.97 +0.03 —0.81 
13 1 +0.55 —0.70 +0.09 —0.06 
14 1 +1.24 —1.02 +0.40 +0.62 
15 1 +0:79 —0.43 +0.06 +0.42 
15 2 +0.72 —0.33 +0.07 +0.46 
16 1 +0.67 —0.54 +0.06 +0.19 
16 3 +0.62 —0.46 +0.06 +0.22 

Average of 35 units without respect to sign 0.043 per cent 
Average of 35 units with respect to sign +0.06 per cent 


@ Static line below running line. 


a constant rate. At the beginning of closure, the turbine gates 
move slowly and the rate of velocity change is small. The mer- 
cury in the manometer follows the pressure change in this case 
more closely than in the case assumed. 

In the simple diagram of Prof. Thoma’s Fig. 8 (1), the error in 
the water quantity is then not more than 


7 5\ 1 (8.74)? 0.728) « 
E, = (+100) (2) ba (11.51) (18.20) (18.20) (1.29) = +0.39 per cent. 


In the simple diagram of the numerical example, the error in 
the water quantity is not more than 


5\ 1 (4.0)? (0.4723) 
Ex = (+100) @) = (7.1) 6.21) (0.798) = +0.14 per cent. 

In the process of delineation the areas di, dz, ds, etc., are SO 
chosen that the points HZ, F, G, H (Fig. 12) are determined. 
These points have the same location on either recovery line of 
Fig. 12. The error in the recovery line of a given diagram due to 
inertia of the mercury thus varies as the line progresses along the 
diagram, the net result being a positive error, the maximum 
possible value of which is extremely small. Furthermore, by 
using the differential measurement, this error tends to be in- 
appreciable because (a) of the small amount of mercury used, 
which reduces the value of 7 in Equation [41] and (b) the rela- 
tively smaller value of (peo — pcs) in Equation [41] as compared 
with (p4o — peo) in Equation [40] due to the elimination of the 
influence of the forebay surge and to the tendency to reduce the 
recovery of velocity head. 


AppLICATION OF THEORY OF ERRORS TO ActuaL TESTS 


The above theory of errors has been applied to a large amount 
of test data obtained during the last few years. All the dia- 
grams considered have been of the differential type and, conse- 
quently, error No. 1 (1) may be assumed equal to zero. The cal- 
culated values of errors Nos. 2, 3, and 4 (1) and of the resulting 
residual error at the point of maximum efficiency of the unit 
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tested, were found to be as given in Table 3. In the case of er- 
ror No. 2, 0.075 was adopted as a mean value of the coefficient 
given by Prof. Thoma. From this investigation the mean residual 
error at the point of maximum efficiency in 35 cases examined 
would be 0.43 per cent without regard to sign and +0.06 per 
cent considering sign, as shown in Table 3. 

Considerable experimental work has been carried on from time 
to time in the hope of being able to find the magnitude of the 
residual error experimentally, but it seems probable that it 
is too small to be within the range of experimental observation. 
It is well known that, even in laboratory work, it is difficult to 
get results to agree exactly when the same model is tested in two 
different laboratories. 

In confirmation of this conclusion attention may be called to 
Figs. 13, 14, and 15, which give comparative test results of three 
units by both the Allen and the Gibson methods. The remark- 
able agreement between the two measurements is apparent. In 
the case of Moshier unit No. 1 correction for the theoretical 
errors puts the two curves in slightly better agreement, and in 
the case of Moshier unit No. 2 the reverse is true, although the 
agreement either with or without the theoretical corrections is 
very good. In the case of the 1900-hp unit shown in Fig. 15s 
the correction for theoretical errors tends to make the Gibson 
curve depart from the Allen curve by a greater amount. It is 
possible, of course, that both tests may be in error because, as 
pointed out by de Haller (5), there are theoretical reasons 
for believing that the Allen method gives too small quantities 
when,the velocity front is attenuated. The magnitude of this 
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error also may be so small that it cannot be determined experi- 
mentally. However, it would be a remarkable coincidence if 
two methods differing so much in principle should have errors in 
the same direction and in like degree. In addition to these two 


HYDRAULICS 


cases, we have comparisons with 
volumetric measurements in the 
original Cornell tests, and other 
comparisons involving weirs and 
pitot tube measurements. 


The Gibson tests at Cornell oe Cause Cause Cause 
University which were compared 4." ee : W me ee ae 4 
with volumetric determinations 46 —0.07 +0.09 —1.00 
have been analyzed with respect 20.000) 0-16 ae 
to the various theoretical errors Mean of series........----..+-+++ 
discussed herein. The diagrams aeons peer = tues 
taken were of the simple type 7 0-18 +9.26 —0.25 
so that error No. 1 is included. Mean of series..........--.+--+:+ 
4y i j 8 —0.20 +0.09 —0.66 

‘he results of this analysis are § 95) 40.10 —0.70 
given in Table 4. _ —0.22 +0.09 —0.32 

It is evident that in this series : = 020 + Oe 
of tests involving 19 individual Mean OF BOLIC) :.:0-cyo1-senereneeree ne oer* 
determinations, the residual er- ie ys cep enor 
ror is calculated to be —0.36 per 32 «0-25 $0.21 0.36 
cent assuming a coefficient of Mean of series........--..++++++- 
0.075 for determining error (6). 32 9196 +0109 0.23 
The attempt to correct for the 16 -0.30 +0.13  —0.28 
theoretical errors results in im- Mean of series.........+-+++++ +++ 
creasing the divergence between 33 —-—0.28 +0.24 —0.51 
the volumetric and the Gibson 35 ay oe eee Sd 


results from the value of +0.2 
per cent to +0.5percent. This 
indicates that the theoretical cor- 
rections are not applicable to the 
extent estimated. 

It will be interesting to tabu- 
late the theoretical errors in- 
volved in the diagrams shown in 
Figs. 6and 7. These two diagrams were taken on unit 20 of 
Schoellkopf station 3-C at Niagara Falls, N. Y. One was a dif- 
ferential and the other a simple diagram. Without correction for 
theoretical errors the results as given in Table 5 were obtained. 


causes of error. 


TABLE 5 
Net Generator 
Cfs head kw 
Fig. 6—differential..........--- 2793 216.53 46933 
Fig. 7—simple.........--+++++ 2786 215.76 46640 


When equalized to the same net head, the discharge quantities 
agree within 0.1 percent. If the theoretical errors are so calculated, 
the divergence then becomes about 0.7 per cent. 

Referring to Prof. Thoma’s Fig. 8 (1), and to the numerical 
example (6) mentioned by Prof. Thoma, the individual errors and 
the residual error have been calculated as given in Table 6. 


TABLE 6 
Gibson’s numerical 


Thoma Fig. 8 (1) example 
station station 
Schoellkopf 3-A Schoellkopf 3-B 
unit no. 2 unit no. 16 
| Oe ORS che oR Oe —1.0 —0.8 
TORR Gb | iC aera +1.9 +0.9 
I aie Ale es (eevee exalts: s —1.0 —0.6 
1 OP RO OE In ROO +0.4 +0.1 
Theoretical residual error +0.3 —0.4 
CoNCLUSIONS 


(a) The differential method is independent of error No. 1 (1) 
due to accessory motions of the water particles, where the measur- 
ing sections are equal or nearly so and where the upper measuring 


RECORD OF CORNELL TEST 


Mean of series....-.---.0sescseres 


Total of means.))...2. 2 6~ = siemes oe 
Mean of means........-+-++++e+-> 


The causes referred to in this table are the possible causes of error discussed by Prof. Thoma. 
referred to as ‘adjusted Gibson” are the discharges obtained from the Gibson diagram corrected for Prof. Thoma’s 
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TABLE 4 COMPARISON OF VOLUMETRIC, GIBSON AND ADJUSTED GIBSON MEASUREMENTS 
S MADE UNDER APPROXIMATELY THE NIAGARA CONDITIONS 


Per cent 

——variation—~ 
é olu- 
Resid- : metric 

ual of Discharge—cfs Volu- to 

four d- metric ad- 
Cause causes, Volu- , justed to justed 
no. 4 per cent metric Gibson Gibson Gibson Gibson 
+0.12 —0.51 20.27 20.31 20.41 +0.2 +0.69 
+0.14 —0.84 20.42 20.52 20.69 +0.5 +1.32 
+0.16 —0.53 20.45 20.65 20.76 +0.9 +1.52 
Bias tetany —0.63 20.38 20.48 20.62 +0.5 +1.18 
+0.12 —0.20 oe 30.51 30.57 +0.4 +0.62 
+0.12 —0.05 30.69 31.15 31.17 +1.5 +1.56 
oi DIEPAEEC —0.13 30.57 30.82 30.87 +0.8 +0.98 
+0.16 —0.61 42.24 42.17 42.43 —0.2 +0.45 
+0.15 —0.66 41.94 42.28 42.56 +0.8 +1.48 
+0.13 —0.32 42.22 42.09 42.23 —0.3 0.00 

+0.16 —0.58 41.96 42.20 ars os 
Beers: c nies —0.54 42.13 42.12 42.35 0 +0.52 
+0.13 —0.45 40.36 40.41 40.59 +0.1 +0.57 
+0.13 —0.48 40.36 40.90 41.10 +1.3 +1.83 
+0.13 —0.27 40.98 40.88 40.99 —0.2 0.00 
Peerciats ie —0.40 40.57 40.73 40.89 +0.4 +0.80 

Roa ee 46.82 Oe sae baba 
+0.13 —0.27 46.98 46.60 46.73 —0.8 —0.53 
+0.12 —0.33 46.95 46.60 46.75 —0.7 —0.43 
Ao. Sno —0.30 46.92 46.60 46.74 —0.7 —0.38 
0.18 —0.37 50.30 49.95 50.13 —0.7 —0.34 
+0.20 —0.25 50.66 51.47 51.60 +1.6 +1.86 
+0.16 —0.03 50.93 61.15 Bila +0.4 +0.47 
Biepeisie.c' —0.22 50.63 50.85 50.97 +0.4 +0.67 

oreo sic) Leetenee 231.20 231.60 232.44 

Bee Seats —0.36 +0.2 +0.53 


The discharges 


The value given for cause No. 2 is the average of the limits proposed by Prof. Thoma. 


section is located at a reasonable distance from the inlet. This 
error where existing, is negative. 

(b) In the study of error No. 2 (1), which may be due to as- 
suming that the recovery of friction head during closure is pro- 
portional to the square of the average velocity, it is difficult 
from our analysis to accept Prof. Thoma’s coefficient of = to =. 
This error could only exist in appreciable degree where the 
“velocity front” in the conduit is attenuated. Most penstocks of 
modern plants are so large that the velocity front is almost 
square. ‘This error is positive. 

(c) Error No. 3 (1), which is concerned with the friction of 
the mercury column in the pressure measuring apparatus and of 
the balancing water column in the connecting piping and pen- 
stock, is reduced in the case of the differential measurement. 
This is true because only a small amount of mercury is used and, 
consequently, the natural period of oscillation 7 is smaller. 
Moreover, the quantity (p1’ — po’) is smaller as the forebay surge 
is eliminated from the diagram and with approximately equal 
measuring sections there is little or no velocity head in the dia- 
gram ordinate. Furthermore, by damping the gate stroke 
toward the end of the closure, this quantity may be made ex- 
tremely small. 

(d) The maximum error due to the inertia of the mercury has 
been considered, herein, by assuming that the rate of change of 
velocity with respect to time is a constant. Actually the ve- 
locity is not destroyed at a constant rate since at the beginning 
of closure, the turbine gates move slowly and the rate of velocity 
change is small. The mercury in the manometer gage conse- 
quently follows the pressure change more closely than under the 
assumption made. 

(e) Finally, it has been demonstrated that with the differential 
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diagram errors Nos. 2 and 4 (1) are small and are opposite in 
sign to error No. 3 (1) resulting in a very small residual error. 
Although errors Nos. 3 and 4 (1) may be theoretically computed 
from the diagram itself, this should not be done without reference 
to error No. 2 (1). 

Until experimental verification of the foregoing theory of errors 
has been established, we conclude that the residual error is 
probably within the limits of precision possible in the measure- 
ment of large quantities of water. This conclusion is confirmed 
by the tests made in comparison with other methods of mea- 
surement and, indirectly, by a great many tests involving both 
the simple and differential application of the Gibson method. 
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Observations on the Use of Current Meters 


for Precise Flow Measurement 


By L. A. OTT,? KEMPTEN, GERMANY 


This paper discusses the circumstances surrounding 
the development of current meters in Central Europe, 
and the application of these meters in the testing of 
large water-power plants. Among the important steps 
presented in the application of these instruments are, 
the use in parallel of a plurality of meters, the adoption 
of simultaneous electric recording by a chronograph, 
the consequent adoption of water-free contact mecha- 
nisms and elimination of the multiplicity of meter types, 
and standardization of practice. 

Reference is made to the practice of attempting to 
avoid the necessity for properly converting unfavorable 
measuring sections by using two types of meter having 
different degrees of error in resolving oblique flow. It is 
pointed out that precise testing presupposes equally 
\precise rating of meters with duplication of the exact 
supporting means used in field tests. Standard values 
for the degree of accuracy of the instruments used in 
Germany are given, and the accuracy actually obtainable 
in practice is discussed in the light of comparative tests 
which have been made. 


HE testing of large water-power plants, together with de- 
velopments in the construction and use of current meters 
for precise flow measurement, have become farther ad- 


vanced in Central Europe than elsewhere because of certain favor- 


able circumstances. First, engineers and manufacturers recog- 
nized and accepted the fact at an early date that in the construc- 
tion of hydrometric vanes, the axis of rotation is best placed paral- 
lel with rather than normal to the flow. This eliminated unprofit- 
able differences of opinion as to the advantages and disadvan- 
tages of cup and screw meters with the result that rapid progress 
was made. Second, just at the time when the necessity arose 
for exact water measurements in large water-power plants, we 
had in Dr. Epper, chief of the Swiss Hydrographic Office, a pio- 
neer in water-measurement technique, who was versed in the 
solution of problems of measurement in civil and mechanical 
engineering fields, and who, from his own experience in the test- 
ing of meters by towing tests, was able to give instructions for 
standard procedure. Third, Dr. Epper and other engineers ac- 
tive in the development of water-measurement technique, could 
always depend on the willing cooperation of a firm with consid- 
erable experience in this field, the management of which consid- 
ered the invention and production of good water-measuring in- 
struments as its life task. 

At the present time, it is the predominant opinion of engineers 
that the simultaneous reading of a number of meters, the in- 


1 Translated by Dr. J. R. Zwickl, chief engineer, refrigerating 
machinery division, .Baldwin-Southwark Corp., Philadelphia, Pa., 
Assoc-Mem. A.S.M.E., and L. F. Moody, professor of hydraulic 
engineering, Princeton University, Princeton, N. J. Mem. A.S.M.E. 

2? Mathematik Institut, Kempten, Germany. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting of THe AMERICAN SoctneTy or MECHANICAL ENGI- 


_ nEERS, New York, N. Y., December 3 to 7, 1933. 


Nortr: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


dications of which are electrically recorded on a chronograph, 
affords the most accurate method of measuring water flow in 
large power plants. This method of water measurement, first 
applied in 1908 by Prof. Reichel at the testing station for water 
motors at the Technische Hochschule of Berlin (1),? but only 
introduced in general practice about 1922, is comparatively 
simple to apply, even in the largest low-head power plants. 

The necessity for the use in parallel of a plurality of meters 
fortunately did not require the development of a new type of in- 
strument in Europe. On the contrary, it reduced the number of 
types previously used. Among other meters which disappeared 
from use were the ‘‘Weichsel,” Epper-Ott Meter IV (2), and the 
“Tller,’’ Epper-Ott Meter IX, with guard ring (8). 

These meters, although very good instruments, disappeared 
because they possess electric-contact mechanisms accessible to 
the water. Meters sufficiently free from mutual influence to 
permit simultaneous operation must have water-free contact, 
such as found in the ‘‘Rhein,’”’ Mensing-Ott Meter VI (4), and 
the ‘‘Texas,” Ott Meter V (5). Of these two meters, the latter 
finally has proved itself superior as a result of special advantages 
derived from the axle bearing of its propeller. Since water mea- 
surements in large European plants during the past five years 
have been conducted with this Ott Meter V, it may be considered 
as the present European standard. 

This meter, like all Ott meters, can be furnished with either a 
spoke propeller or a spoon propeller. The spoke propeller is a 
cylindrical screw with three blades, confined by straight lines, 
and attached to the boss by means of spokes. The spoon pro- 
peller is a conical screw with only two blades which form one 
solid piece with the boss. Although the conical screw has an 
advantage in that it will not entrap grass and is self-cleaning, 
this is frequently less important in flow measurements than the 
advantage of the cylindrical screw with spokes which, with the 
same diameter and pitch, possesses a smaller error of measure- 
ment in a flow which is somewhat oblique to the axis of the in- 
strument. 

Since no meter has yet been constructed which correctly re- 
cords the velocity component normal to the measuring section of 
obliquities of flow exceeding about 15 deg, great emphasis is 
placed in Europe on the importance of using a proper measuring 
section having smooth parallel flow. If such a section is not 
available, guiding walls and decks are installed and, prior to 
undertaking tests, preliminary runs are made to prove the ac- 
ceptability of the measuring section. If the water filaments 
run reasonably close to parallel in a measuring section, but as a 
whole run obliquely at a known angle, then the meter axis is not 
placed normal to the profile but parallel with the flow and the re- 
sults of the measurement are afterward multiplied by the cosine 
of the direction angle. 

To avoid the necessity of converting unfavorable measuring 
profiles by guide walls, tests are sometimes made with two in- 
struments with propellers of different cosine characteristics. 
Corrections are then derived from the difference in results from 
these two meters. Such tests, however, have not been employed 
in Europe up to the present because the method doubles the work 


3 Numbers in parentheses refer to similarly numbered references 
at the end of the report. 
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of testing and calculating, and greatly increases the duration of 
the observations for the separate metering points over the time 
required in the normal method of measuring regular flow. In the 
normal method, it is a recognized fact that the individual re- 
sults do not give the actual mean velocities at the individual 
metering points because of the variation of the stream picture. 
However, determinations of the exact water velocities at the in- 
dividual metering points are not important inasmuch as the in- 
dividual variations equalize out in the final result. In the two- 
meter method it is probably necessary, as Prof. D. Thoma has 
pointed out, to determine the actual mean velocities at the sepa- 
rate metering points, with an increase in observation time re- 
quired for this purpose. 


MeEtTER RaTING 


The high accuracy of measurement necessary for turbine test- 
ing, presupposes a correspondingly high accuracy of meter rating, 
which must be accomplished with the meter supported during 
the towing tests in exactly the same manner as when it is being 
used for taking measurement readings. It must also be noted 
that during the rating tests it is essential that the water be 
brought to rest between each two runs if accurate results are to 
be obtained. If a large number of meters are to be calibrated 
in a limited period, several meters should be towed simultaneously 
in the rating flume rather than towing each meter individually 
and shortening the pauses between separate runs. At Kempten, 
four meters are usually rated at one time, with a fifteen-minute 
period allowed for bringing the water in the rating flume to com- 
plete rest after the test has been made. For larger flumes a 
longer period of time is required. 

A graphical method is employed for recording the results of 
the rating tests. Although plotting revolutions per second or 
feet per second as abscissas and feet of travel per revolution as 
ordinates is convenient in recording the results of meter-rating 
tests, the method is not well suited for determining the accuracy 
of the rating or for comparing different ratings because the physi- 
cal inter-relation between the water velocity, the rotation of the 
meter vane, and the mechanical and hydraulic resistances oc- 
curring in the instrument (for instance, the influence of oil vis- 
cosity in the ball bearings) will disappear. It is better, with the 
same abscissas, to plot as ordinates the corresponding velocity 
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slip (6), that is, the difference, A = v—kn, between the velocity 
v of the towing car and the axial advance of the screw calculated 
from k, the hydraulic pitch of the propeller, and n, its number 
of revolutions per second. The properties of the instruments, 
the special influences of the supporting devices, and the towing 
procedure are then more clearly defined than in the first method 
of plotting mentioned. In a good instrument, the scattering of 
the individual observation points compared to the faired curve 
should not exceed 0.007 fps over the entire velocity range from 
0.4 fps to 10 fps. 

If we take this scattering of the rating test points as a measure 
of the accuracy of measurement of a meter under favorable flow 
conditions, we see that a relative accuracy of measurement of 
1 per cent presupposes a water velocity of about 0.7 fps. For 
this reason it is specified in the German standards for water mea- 
surement that the water velocity in the measuring section should 
not be less than 0.25 meter per sec or 0.8 fps. In spite of the 
numerous comparative tests already conducted with various 
methods of measurement, and in particular the direct volumetric 
measurement, the degree of accuracy actually attainable in prac- 
tice still appears to be uncertain. This is not surprising since 
checking accuracies of measurement of more than 99 per cent is 
a very delicate matter; particularly the direct volumetric mea- 
surement of the large volumes of water which have to be handled 
in such comparisons, even when a sufficiently large container is 
available, appears in general not to be a simple matter but, on 
the contrary, a very difficult problem. 
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The Psychrograph 


By A. M. NORRIS,! BALTIMORE, MD. 


Problems in air-conditioning can be solved quickly and 
accurately by the use of a psychrograph developed by the 
author. In this paper, representative problems of the 
type met with in air-conditioning work are solved on the 


‘ psychrograph, accompanied by explanations, and illus- 


trate the ease with which the chart can be used in the 
various cases presented. 


HE AUTHOR of this paper has long been impressed by the 
| Rae of the relationship expressed by the ratio of 

sensible-heat input to total-heat input in all air-condi- 
tioning calculations. Since a simple proportion will plot as a 
straight line on ordinary coordinate paper, it was apparent that 
certain problems could be solved graphically if a psychrometric 
chart were constructed with equal units of sensible heat and equal 
units of total heat as coordinates. 

The psychrograph is such a chart and was designed for the 
graphic solution of problems. It has been printed on letter-size 
sheets, convenient for filing with other calculations; thin paper 
being used to permit blue printing, should more than one copy of 
a solution be desired. 

An increase in legibility was achieved by inclining the axis of 
the abscissas and using a vertical axis for the ordinates. This 
had the effect of lengthening those lines on the psychrograph 
which indicate dry-bulb temperatures, and, consequently, of 
increasing the spacing between all of the other inclined and 
curved lines which cross them. 

While the framework of the psychrograph consists of a vertical 
system of lines representing total heat in Btu per pound of dry 
air and vapor present, crossed by an inclined system of lines 
representing sensible heat in Btu per pound of dry air, the chart 
has been so designed as to show those functions which are com- 
monly mentioned in the statement of an air-conditioning prob- 
lem. Therefore, dry-bulb temperatures are shown along the 
corresponding lines of sensible heat, and wet-bulb temperatures 
along those of total heat. 

It is recognized that, theoretically, dry-bulb lines drawn on such 
a frame work will have a very slight curvature, due to the sensible 
heat in the vapor under conditions of partial saturation, but this 
sensible heat in the vapor is seldom, if ever, considered in an air- 
conditioning problem; and the specific heat of steam, superheated 
at very low pressures, seems to be a matter of debate among the 
authorities. It was therefore disregarded, as its introduction 
would carry with it complications in calculation of air quanti- 
ties required, which are not warranted by the possible accuracy 
of a commercial air-conditioning estimate nor by the accuracy of 
the instruments which are available for the measurement of 


1 Chatard & Norris, Inc. Mem. A.S.M.E. Mr. Norris received 
the degree of M.E. from Stevens Institute of Technology in 1907 and 
was then for three years connected with the Consolidated Gas, 
Electric Light & Power Co., as test engineer. In 1910 he became a 
member of the firm of Chatard & Norris, Baltimore, Md., contracting 
engineers and manufacturers’ agents. In 1935 he became associated 
with the engineering office of D. D. Kimball of New York City. 

Contributed by the Process Industries Division and presented at a 
meeting of the Metropolitan Section of Tae AMERICAN SOCIETY OF 
MecwHantcan Enerneers, New York, N. Y., October 22,1934. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until September 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expression of their authors, and not those of 
the Society. 


results. In the preparation of the psychrograph, Goodenough’s 
“Table of Mixtures of Air and Saturated Water Vapor’ was 
used. ‘ 

Im Fig. 1, the gradient of the dry-air line, a section of which 
appears on the upper left-hand margin, was determined by refer- 
ring points on it to the total-heat scale, the total heat in a pound 
of dry air at any temperature being identical with the sensible 
heat per pound given in Goodenough’s table for that tempera- 
ture. Within the limits of the chart, this line is straight, as the 
specific heat of dry air is assumed constant at 0.2416 Btu. Other 
lines on the psychrograph were plotted from tables calculated by 
the author, using accepted formulas. 

There remains only the scale, ratio of sensible-heat to total- 
heat lines. This scale was constructed by using the heat-ratio- 
reference center, at the lower left-hand side of the chart, as the 
Sensible heat 

Total heat 
for various values of N, on the two heat scales which form the 
basis or skeleton, of the chart. 

The lines so obtained will pass through the origin, or heat- 
ratio-reference center and points on the scale, ratio of sensible 
to total-heat lines. These lines are only directional in their 
nature. If any point on the chart is taken and heat added to or 
deducted from the air represented by this point in a definite 
ratio of sensible heat to total heat, the direction of change of 
state must be the direction of the heat-ratio line corresponding 
to the specific ratio. 

The following theorems apply: 

Theorem 1. A line drawn parallel to any given heat- 
ratio line, through any given point on the chart, will be the 
locus of all changes of psychrometric condition in the air repre- 
sented by the given point, when heat is added to or deducted 
from this air in the given ratio of sensible heat to total heat. 
From this follows: 

Theorem 2. When two samples of air are mixed, the 
locus of all possible psychrometric conditions, for mixtures in 
varying proportions, must be the straight line joining the two 
points which represent the psychrometric qualities of the two 
samples, since one sample must lose heat and the other gain heat 
in identical quantities and ratios of sensible to total heat; and 
the two points and the point representing the mixture will all 
lie on the same heat-ratio line parallel. 

An exception to Theorem 2 occurs when the straight line 
joining the two points crosses and recrosses the saturation curve. 
In this case, the locus of possible mixtures will follow the satura- 
tion curve instead of crossing it, and the quality of mixture will 
be somewhat uncertain, if less than saturated, as a portion of the 
vapor present may condense out of the mixture and fail to re- 
evaporate. 

Acknowledgment is made by the author to W. A. Minkler for 
modifications in the original chart which have increased its 
legibility and, consequently, materially simplified its use. 

Example 1. The use of the psychrograph as an ordinary 
psychrometric chart is shown in Fig. 1, in which a single point 
has been taken. Reference to the figure will show that the dry- 
bulb temperature is 80 F; wet-bulb temperature, 67 F; rela- 
tive humidity, 51 per cent; dewpoint, 60.4 F; grains of vapor 
per Ib of dry air, 78; cu ft per Ib of dry air plus vapor present, 
13.84; sensible heat, 19.33 Btu; total heat, 31.10 Btu. 

It will readily be seen that if any two of the foregoing char- 


origin, and plotting the simple proportion 
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acteristics are known, and the lines representing them drawn, 
the intersections of these lines will fix all the other characteristics 
for the sample. 

Example 2. In this problem, in which the dewpoint tem- 
perature of 60 F and dry-bulb temperature 75 F, are given. 
It is desired to find the relative humidity should the dry bulb be 
increased to 90 F with no moisture added (dewpoint constant). 

Referring to Fig. 2, locate the point of intersection of the slant 
line representing 60 F dewpoint and the slant line representing 


¥ 


75 F dry-bulb temperature.2 At this point, move obliquely up- 
ward and to the right, along the 60 F dewpoint line, to its inter- 
section with the 90 F dry-bulb line. THe relative humidity here 
is read as about 37 percent. Incidentally, the wet-bulb tempera- 
ture has increased from about 65 F to approximately 70 F. 
Example 3. Given air at 80 F dry-bulb temperature and 58 F 
wet-bulb temperature, to find the increase in total heat when 


2 When solving problems it is assumed that reference will also be 
made to Fig. 1 which is a reproduction of the psychrograph. 
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56 grains of moisture per lb of air are added and the dry-bulb 
temperature remains at 80 F. 

Referring to Fig. 3, locate the point of intersection of the slant 
line representing the 80 F dry-bulb temperature and the vertical 
line representing the 58 F wet-bulb temperature. From this 
point, project upward to the right along the grains per lb line 
where 36.5 grains per lb is read. The total heat may be read 
as 24.8 Btu per lb directly from the wet-bulb temperature. 

If 56 grains per lb be added, the mixture will contain 36.5 + 
56 = 92.5 grains per lb. Locate this quantity on the right-hand 
scale and then project downward to the left to the intersection 
with the 80 F dry-bulb temperature line. From this intersection 
project vertically downward where total heat for the new condi- 
tion is read as 33.3 Btu per lb. Thus, with the dry bulb re- 
maining constant, the total heat increased from 24.8 to 33.3 Btu 
per lb, or 8.5 Btu with an increase in moisture content of 56 
grains per lb. 


248BTU, 33.5 BTU. 
Fic. 3 


Yy v 
65° 70° (W.B) 
Fig. 2 


Example 4. Fig. 4 shows the solution of the problem in 
which is given air cooled from 80 F dry-bulb temperature and 
65 F wet-bulb temperature (about 45 per cent relative humidity) 
to 60 F dry-bulb temperature and 55 F wet-bulb temperature 
(72.5 per cent relative humidity), to find the latent heat and 
sensible heat extracted in cooling. 

This example demonstrates a graphical solution that cannot 
be made directly on any other psychrometric chart. Locate 
the two points representing the conditions of the air at the two 
sets of dry-bulb and wet-bulb temperatures. Project vertically 
downward and read the total heat for the two points as 29.6 and 
23.0 Btu per lb of air. Connect the two points by a straight 
line. Draw a line parallel to this line through the heat-ratio- 23.0BTU 29.6 BTU 
reference center to the curved scale marked, ratio of sensible to Fia. 4 


55°WB. 65° WB. 
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total-heat lines, and read the ratio as 0.735. The total heat 
extracted is 29.6 — 23.0 = 6.6; then 6.6 X 0.735 = 4.85 Btu per 
lb, sensible heat, and 6.6 — 4.85 = 1.75 Btu per lb, latent heat. 

The sensible-heat value may be checked by multiplying the 
dry-bulb-temperature difference by the heat required to raise 
the temperature of 1 lb of air 1 deg which is 0.2416. This calcu- 
lation gives 20 X 0.2416 = 4.83 Btu per lb of sensible heat and 
checks the value from the chart very closely. 

Example 5. In Fig. 5 is shown a graphic solution of an air- 


conditioning problem in which it has been assumed that a by- 
pass system, using a washer, will be installed. 

The outside air is assumed at 95 F dry-bulb and 78 F wet-bulb 
temperatures, and an allowance of 848 cfm or 59.1 Ib per min of 
outside air for ventilation purposes has been assumed. The 
desired room condition is 80 F dry-bulb temperature and 50 per 
cent relative humidity. It is also assumed that a heat estimate 
has been made and it has been found that the heat load, exclu- 
sive of the ventilation air which passes first through the washer, 


EE — 


heat liberated in the conditioned space. 
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but inclusive of any infiltration, is 72,000 Btu per hr of sensible 
heat and 100,000 Btu per hr of total heat, giving a ratio of 0.72. 

The heat estimate must be broken down as already outlined 
because we are interested in the quantity of sensible and total 
This heat must be 
disposed of, or carried out, by the conditioned-air supply, which 
supply must be raised from its condition at the outlets to the 
desired room condition by picking up this heat. 

The surplus heat above delivery condition in the air for ventila- 


. tion, which passes first through the washer, is removed in the 


washer, and thereafter it becomes simply a vehicle for the re- 
moval of room heat along with the reconditioned recirculated air. 
It is also assumed that the desired difference between room and 
supply air is 10 deg. The problem is solved as follows: 

Find point B, on the scale, ratio of sensible to total-heat 
lines, corresponding to the ratio of 0.72. Through B and the 
heat-ratio-reference center A, draw a straight line AB. Find the 
desired room condition at D, representing 80 F dry-bulb tem- 
perature and 50 per cent relative humidity. Through point D 
draw a straight line CD, parallel with AB and intersecting the 
saturation curve. In accordance with Theorem 1, this line 
CD will be the locus of all possible delivery airs which will give 
the desired room condition, since the delivery air must pick up 

sensible 

total 

room condition, and therefore the point G at 70 F dry-bulb tem- 
perature will be the desired quality of the delivery air. This 
delivery air may be obtained by mixing room air at condition D 
and saturated air at condition C in the proper proportion, which 
will be 10 parts of saturated air at condition C to 18 parts of room 
air at condition D, since the heat lost by the air at condition D 
equals 10 deg drop times the quantity of air at condition D in 
pounds of dry air per unit of time, multiplied by the specific heat 
of 1 lb of dry air, and this in turn will equal the heat gained by the 
air at condition C, which equals 18 deg rise times the quantity of 
air at condition C in pounds of dry air per unit of time, multi- 
plied by the specific heat of 1 Ib of dry air. Eliminating common 
factors and transposing, it may be expressed as: The quantity of 
air at condition C is to the quantity of air at condition D as 10 is 
to 18 or as DG is to CG. 

Since all of the refrigeration is applied to the saturated air, 
which must have sufficient capacity to remove 72,000 Btu per hr 
of sensible heat, this value divided by the temperature rise of 
28 deg of the saturated air to 80 F, by the specific heat of a 
pound of air (0.2416) and by 60 min, will give 177.4 lb per min of 
air saturated at 52 F as required. 

It is also possible to figure the delivery air at 70 F in the same 
manner by dividing 72,000 Btu per hr by 10 deg temperature 
difference by specific heat of a pound of air (0.2416) and by 60 
min to obtain 496.7 lb of delivery air per min. Then 496.7 — 
177.4 = 319.3 lb per min of room air through the bypass to give 


177.4 10 
J A dithe tahlO pean ata. 
the desired mixture, and the ratio 319.3 18 


heat in the ratio = 0.72 to finally reach this desired 


By Theorem 2, the condition of the air to the washer may be 
obtained by drawing a straight line through the point D, repre- 
senting the room condition, and point F, representing the outside- 
air condition of 95 F dry-bulb and 78 F wet-bulb temperatures. 
Under the terms of the problem, there must be 59.1 lb per min of 
outside air, and the air through the washer is 177.4 lb as already 
stated. Then 177.4 lb — 59.1 lb = 118.3 lb of return or room air 
which must mix with the outside air to pass through the washer. 
Since the temperature difference between D and F is 15 deg and 


59.1 


1 
the ratio of outside air to return air is ee si! EF must be 


twice the distance DE, and the point E falls on the 85 deg dry- 
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bulb line. This is another way of stating the relationship from 
that given on the graphic-solution diagram, but it will be clear 


EF 118.3 
that DF X 1183 = EF X 177.4; or —= = —— 
x © DF 177.4 


2 ; 
= —, which 
uD 3 
is to say, HF equals 3 of 15 deg or 10 deg. 


All of the results given have been expressed in pounds per 
minute of dry air, the vapor present being additional. Reference 
to the diagram will indicate the method of converting all of these 
quantities into cubic feet per minute. For instance, at the point 
F, a pound of dry air plus the vapor present will occupy 14.35 cu 
ftand 14.35 X 59.1 lb = 848 cfm. 

In the same manner, the cubic feet per pound for point # was 
determined to be 14.01; for point D, 13.84; for point G, 13.57 and 
for point C, 13.08. 


Q D 


7° 77° Wet Bulb 
Fie. 6 
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It will be seen that the mixtures check out on the cubic feet 
per minute basis, as 848 efm of outside air mixed with 1637 cfm 
of room or return air will total 2485 cfm of air to the washer, and 
4419 cfm of room air mixed with 2321 cfm of washer air will 
result in a mixture of 6740 cu ft of delivery air. 

The refrigeration required may be figured by projecting point 
E, which represents the air to the washer, to the Btu scale at the 
bottom of the chart, and obtaining 34.2 Btu per Ib; also project 
point C, which is the saturated air, to the Btu scale, and read 21.3 
Btu per lb; which is to say that each pound will have 12.9 Btu 
removed from it in passing through the washer. Since 177.4 lb 
per min of air at condition C passes through the washer and from 
each pound we remove 12.9 Btu, the total refrigerating load will 
be 11.44 tons. 

It is, of course, obvious that this problem has been worked out 
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in far greater detail than is usually required. This was done to 
illustrate the complete information which can be obtained from a 
graphic solution. 

Example 6. In Fig. 6 is shown the graphic solution of a 
problem in detecting air leakage. 

The fact that the point on the psychrograph representing a 
mixture of two different samples of air will fall on a straight line 
joining the points representing the air samples and the fact that 
the dry-bulb temperature difference, between the mixture and 
the original samples, determines the proportion of the mixture, 
have been made use of in the solution of this problem. 

The small drawing in the upper right corner indicates the 
original data. A duct drawing air from chamber A in which the 
condition is dry-bulb temperature 75 F, wet-bulb temperature 
63 F, passes through chamber B, in which the condition is 87 F 
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78°WB. 
Fig, 7 


dry-bulb temperature, 74 F wet-bulb temperature, and through 
chamber C, in which the condition is 100 F dry-bulb temperature 
and 77 F wet-bulb temperature. Assuming perfect insulation, 
the delivery air at point D should be 75 F dry-bulb temperature 
and 63 F wet-bulb temperature, or the same as at A. Actually, 
the condition at point D is 82 F dry-bulb temperature and 68 F 
wet-bulb temperature and the anemometer reading at this point 
gives 13,900 cfm, which is equal to 1000 Ib per min of dry air plus 
vapor present. 

The problem is to find the leakage into the duct in compart- 
ments B and C. It will be obvious that this leakage must be a 
mixture of air at condition C and air at condition B and must 
therefore fall on the straight line BC; and that this mixture must 
combine with air at condition A to give the condition at D. 
Since the condition at D is known and has been plotted on the 
chart, the straight line passing through A and D, prolonged to cut 

‘ 


line BC at E, will fix the leakage mixture. Since there are 1000 
Ib of air per min being delivered at D, the amount of air drawn in 


DE 12 
at A must be equal to AE X 1000 = 19 X 1000 = 632 Ib per 


min. Hence the quantity of leakage at condition Z must be 368 
lb per min or 1000 lb less 632 Ib, and the quantity of air at condi- 
tion B plus the quantity of air at condition C, must equal 368 lb 
per min, divided in the ratio C = 7/13 X 368 = 198 lb per min 
and B = 6/13 X 368 = 170 lb per min. The quantities ex- 
pressed in pounds per minute may be converted into cubic feet 
per minute by the use of the scale of cubic feet per pound of dry 
air and vapor present, which will give the following readings: 
Point D, 13.9 cu ft per Ib; point A, 13.68 cu ft per lb; point Z, 
14.28 cu ft per lb; point C, 14.43 cu ft per lb; point B, 14.10 cu ft 
per lb. 
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Multiplying out the respective quantities expressed in pounds, 
gives 13,900 cfm at point D; 8645 cfm at point A; 5255 cfm at 
point H; and A + E = 13,900 cfm. Also 2857 cfm at point C; 
2397 cfm at point B; and C + B = 5254 cfm. 

It will also be noted that the same answers might have been 
obtained graphically had we used any other combination of the 
mixtures. In other words the line AB might have been drawn 
representing the mixtures of airs at conditions A and B and the 
line DC prolonged to cut AB at E’, or a line AC might have been 
drawn and the line DB prolonged to cut AC at H”. In any case 
the calculated results would be identical. 

For the purpose of this problem, we have assumed that there 
will be no transmission of heat through the duct walls other than 
by air leakage. However, any transmission of sensible heat 
through the duct walls can be calculated and reduced to a tem- 
perature rise for the air flowing through the duct expressed in 
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degrees of dry-bulb temperature. Let us assume that the air 
leaving the fan has a condition D’ and has picked up 1 deg due to 
temperature head across duct walls. We may follow the line of 
constant moisture content from D’ for 1 deg F dry bulb to point 
D and this point may be used for the solution of the problem just 
as it has been used in the problem as given. 

It is the belief of the author that a great deal of information 
concerning air flows can be obtained by the intelligent use of wet- 
and dry-bulb thermometers. 

Example ?. In this problem, which is graphically solved in 
Figs. 7 to 9, it is desired to select a standard washer and to main- 
tain a constant relative humidity of 60 per cent in the room. 

The heat estimate has revealed the following data: Sensible 
heat due to temperature difference T between the outside and 
room temperatures is 150 Btu per min per deg difference; sensible 
heat from lights, power, and people (a constant) is 400 Btu per 
min; latent heat is approximately 300 Btu per min (exact deter- 
mination may depend on final obtainable room condition, which 
is not known at this stage of the problem; maximum observed 
temperature outside is 105 F; minimum outside relative humi- 
dity is 30 per cent; no return air is in circulation. 

There are standard washers available in sizes of 2000 cfm, 
5000 cfm, 7500 cfm, and 10,000 cfm. The washers are equipped 
with bypass of air around spray chamber and are guaranteed to 
have capacity to bring the leaving air to within 1 deg of the spray 
temperature. 

It is desired (1) to select a standard washer which will main- 
tain a constant relative humidity of 60 per cent in the room; (2) 
having selected the washer, to determine the room temperature 
when the outside air is 80 F dry bulb and 67 F wet bulb, the rela- 
tive humidity in the room to be maintained at 60 per cent; (3) to 
determine the proportion of outside air at 80 F dry bulb and 67 F 
wet bulb which must be mixed with washed air to maintain 60 per 
cent relative humidity intheroom. ‘To solve: 

(1) To determine the spray temperature for maximum conditions, 
plot 105 F dry bulb and 30 per cent relative humidity at A and 
read approximately 78 F wet bulb which will be the temperature 
which the spray will assume. The washer guarantee then fixes 
the leaving-air condition at B, with a dry-bulb temperature of 
79 F and a wet-bulb temperature of 78 F. Since the air has 
neither gained nor lost total heat in passing through the spray 
the wet bulb must remain constant at 78 F. 

Let the temperature rise of the circulated air, from condition B 
to the room temperature, equal T’. 

Then 7 (the temperature difference between outside and 
room) + 7’ (the temperature rise from condition B to room 
temperature) must equal 105 deg (the outside temperature) minus 
79 deg (the temperature at condition B), or 26 deg. 


ee TiC eG Wess Ie 026. — I 
The sensible-heat input to the room will be 150 T + 400. 


The trial of the 5000-cfm washer is made in Fig. 7. 
5000 
5000-cfm washer will deliver 14.08 

Then 150 7 + 400 = T’ X 356 X specific heat of air, as sensi- 
ble-heat input, must equal the heat picked up by the circulated 
air. Therefore, if the 5000-cfm washer is selected, 150 T + 400 
= (26 — T) 356 X 0.2416, or T = 7.8 deg. 

Plot C, 105 — T = 97.2 F on the 60 per cent relative-humidity 
line and draw BC which is parallel with the 0.64 heat-ratio line. 

It will be seen that the 5000-cfm unit will not have sufficient 
humidifying capacity, since from the problem data for the room at 
97.2 F dry-bulb temperature, sensible heat = 150 T + 400 = 1570 
Btu per min, latent heat = 300 Btu per min, and total heat = 


The 


= 356 lb of air per min. 


1870 Btupermin. Then N = 1870. 0.84 
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Draw N = 0.84 through B to C’ at 97.2 F dry bulb and read 56 
per cent relative humidity. Therefore try the next larger size 
washer. ‘ 
The trial of the 7500-cfm washer is made in Fig. 8. 
A and B as in Fig. 7. 


Locate 


7500 
As the 7500-cfm washer will deliver ——— 


= 534 lb of air 
14.03 


per min, then 


150 T + 400 = (26 — T) 534 X 0.2416, or 
T = 10.6 deg 


Plot D, 105 — T = 94.4 F dry bulb, on the 60 per cent relative- 
humidity line and draw BD. 
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Fic. 9 


In this case, sensible heat = 150 T + 400 = 1990 Btu per min, 
latent heat = 300 Btu per min, and total heat = 2290 Btu per 


1 
Then N = 1990. = 0.87. Therefore, draw the heat- 


2290 
ratio line N = 0.87 through B to D’ to show that the 7500-cfm 
unit will have capacity to humidify to 60.5 per cent relative 
humidity. 

Use of the bypass to mix the dry outside air with the practi- 
cally saturated washer air will maintain the desired condition of 
60 per cent at a room temperature between 94 F and 95 F and 
the 7500-cfm unit will be the correct selection, if the room condi- 
tion obtained does not result in a material change in the latent- 
heat load from the assumed value of 300 Btu per min. 

An increase in the latent-heat-load calculation for the final 
room condition will have the effect of reducing the value of N, 
swinging D’ in a clockwise direction, which will only result in the 


min. 
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use of a greater amount of dry bypass air to maintain the desired 
room humidity. 

It is, therefore, necessary only to recheck the work when the 
latent-heat load is materially decreased as a result of a preliminary 
determination of the room condition. 

(2) To determine the room temperature as shown in Fig. 9 when 
the outside air is at 80 F dry-bulb and 67 F wet-bulb tempera- 
tures with the 7500-cfm unit operated to maintain 60 per cent 
relative humidity in the room, locate point M representing the 
outside-air condition at 80 F dry bulb and 67 F wet bulb, the 
point S representing the condition of the air leaving the spray 
chamber at 68 F dry bulb and 67 F wet bulb and solve the equa- 
tions 

TA Te Oe a 2 
150 T + 400 = T’ X 536 X 0.2416 
Substituting, 150 7 + 400 = (12 — T) 129, or 
T = 4.1 deg 


Then, sensible heat = 150 T + 400 = 1015 Btu per min, 
latent heat = 300 Btu per min, and total heat = 1315 Btu per 
min. Then 


Draw the heat-ratio line N = 0.77 through point S to cross the 
80 — T = 80 — 4.1 = 759 F dry-bulb line at O’. This repre- 
sents the approximate condition obtainable if all the air passes 
through the spray chamber. 

Now, assuming that one-half of the circulated air passes 
through the spray chamber, the mixed air leaving the washer dis- 
charge will have the condition P or 74 F dry bulb and 67 F wet 
bulb. Then 


TAT =F Ge eet Gd 
150 T + 400 = (6—T) X 129, or 
T = 1.3 deg 


In this case, sensible heat = 150 T + 400 = 595 Btu per min, 
latent heat = 300 Btu per min, and total heat = 895 Btu per min. 
Then 

595 
Nig a= —"().66 
895 

Proceed as above to plot point O”, which represents the approxi- 
mate condition obtainable if half the air passes through the 
spray chamber. Since O” is close to the 60 per cent relative- 
humidity line, we may disregard a possible curvature in the line 
O0'O” which will represent the conditions obtained by successive 
proportions of a mixture of washed air and room air, from all 
washed air to half washed air and half room air, and we may ex- 
tend the straight line O’O” to cut the 60 per cent relative-humid- 
ity line at O at a dry-bulb temperature of 79.2 F. 

Hence at 60 per cent relative humidity 7 = 0.8 deg and we may 
solve for the difference ¢ between the outside temperature and 
the temperature of the mixed air leaving the washer to produce a 
room condition of 79.2 F dry bulb, 60 per cent relative humidity 
as follows: 

150 T + 400 = (¢—T) X 129 
Substituting 7 = 0.8 
150 X 0.8 + 400 = (¢ — 0.8) 129, or 
t = 4.8 deg 
Under this room condition, sensible heat = 0.8 K 150 + 400 = 


520 Btu per min, latent heat = 300 Btu per min, and total heat = 


520 
Then. Neet= = — Oat 
en, 320 63 


It will be seen that these results check as the mixed air leaving 


820 Btu per min. 
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the washer will have a condition at R of 80 —t = 80 — 4.8 = 
75.2 F dry bulb and 67 F wet bulb, and the heat-ratio line, N = 
0.63, drawn through the point R, will pass through point O. 
(3) It will also be seen from the diagram that: 
x lb of outside air at condition M will cool through 4.8 deg in 
heating y lb of spray-chamber air at condition S through 7.2 deg. 
spray-chamber air 


Hence the ratio, by weight, : : 
outside air 


2 
; of the total air delivered is spray-chamber air = 213.6 lb per min 


and : of the total air delivered is outside air = 320.4 lb per min 


making the total air delivered 534 lb per min. 
These values expressed in pounds of dry air per minute may 


PROBLEM 4. 


497WB -639°WB 78° BI° WB. 


Fra. 10 


be converted to cubic feet per minute by multiplying each by its 
corresponding cubic feet per pound of dry air as taken from the 
chart. 

213.6 X 13.60 = 4434 cfm 

320.4 X 13.84 = 2905 cfm 

534 X 13.74 = 7337 cfm 


In this problem we have assumed the fan delivery as constant 
in pounds per minute in order to use similar appearing equations. 
Of course, corrections can be made from actual fan data for 
varying conditions of intake, but the method of solution remains 
unchanged. 

Example 8. In this problem, which is plotted in Fig. 10, it 
is desired to determine design conditions in an air-washer installa- 
tion to maintain constant relative humidity. It is assumed: 
(1) that no refrigeration is available; (2) that the washer water 
is recirculated hence the washer water must acquire the tempera- 
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ture of the wet-bulb of the air passing through the washer; 
(3) that no room air is recirculated, all the air from the washer 
being taken from outside; (4) that it is desired to maintain a 
constant relative humidity and the lowest room temperature 
which is consistent with the maintenance of this relative humidity ; 
and, (5) that the control mechanism will start and stop the 
sprays. 

The plant should be designed to take care of some maximum 
outside condition of dry-bulb temperature and minimum outside 
relative humidity. 

It should be kept in mind that the spray can neither add nor 
subtract any heat to or from the air which passes through it, as 
long as this air remains at a constant wet-bulb temperature. 
The spray will, however, change some of the sensible heat in the 
air to latent heat. 

In the diagram, it is assumed that the plant has been designed 
to meet a condition of 105 F dry bulb and 30 per cent relative 
humidity outside, that the desired room relative humidity is 60 
per cent and that the unit selected is just sufficient in capacity to 
humidify to 60 per cent when all of the air is washed. Reference 
to the preceding example, illustrating the selection of a washer, 
will show that this is a special case, as usually the washer will 
have some excess capacity for humidification, to be corrected by 
bypassing or closing the spray-water valve. The special case is 
chosen because it represents the minimum washer which will 
meet the outside conditions specified. 

The method of determining the room temperature and the 
slope of the heat-ratio or N line has been fully explained in the 
preceding example and it is assumed that in this case the result- 
ing room temperature is 95.5 F and that N = 0.8. This as- 
sumed relationship is indicated by A B C, where A represents the 
outside condition, 105 F dry bulb, 30 per cent relative humidity, 
AB represents the outside wet-bulb temperature and conse- 
quently the spray temperature, B represents the condition of 
the air leaving the washer, BC represents the 0.8 heat-ratio line, 
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and C represents the resulting room condition at 95.5 F dry bulb 
and 60 per cent relative humidity. 

It may be demonstrated that this installation will be adequate 
for any other probable condition inside the limits given as follows: 

Now assume an outside condition of 85 F dry bulb and 30 per 
cent relative humidity. Construct a new figure A;, B; and Ci, in 
which B,(; is the heat-ratio line 0.8. It will be seen that this 
will result in a temperature difference between outside and inside 
of only 4 deg or less than in the basic case. This reduced tem- 
perature difference will result in a decrease in the sensible-heat 
load and consequently in a decrease in the heat ratio with a 
consequent rotation of the heat-ratio line in a clockwise direc- 
tion around B, and in a decrease in the temperature rise of the air 
to absorb the sensible heat. Let the new heat-ratio line be 
B,C,’. It will be seen at once that under these outside conditions 
the apparatus will now have surplus capacity for humidification 
and that the sprays may be shut off for part of the time. 

There is also shown on the chart a diagram A,B,C, for an out- 
side condition of 65 F and 30 per cent relative humidity and one 
A;B;C; for 105 F and 36 per cent relative humidity. Again, in 
each case the sensible-heat load is reduced below that in the basic 
case and, therefore, in each of these cases the N lines or heat- 
ratio lines BxC, and B;C; will be swung in a clockwise direction 
and shortened by a reduction in the sensible-heat pickup. This 
reduction must be handled by the fixed quantity of circulated air, 
and, therefore, in each case the sprays will be on and off and the 
washer will have excess capacity. 

These examples show (a), that a reduction in dry-bulb tem- 
perature, with constant relative humidity, results in a decrease 
in required capacity; and (6), that an increase in relative 
humidity with constant dry-bulb temperature, results in a de- 
crease in required capacity. They prove the correctness of the 
original statement that the plant should be designed to take care 
of some maximum condition of outside dry-bulb temperature 
and minimum outside relative humidity. 
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Discussion 


A Mathematical Solution of the 
Rotor-Balancing Problem' 


E. L. Torarin.2 In general, a balancing weight placed on 
any one end of a rotor affects the vibration of both pedestals. 
When balancing some very long rotors, however, it may be con- 
venient to assume that the vibration of any one pedestal is in- 
fluenced only by balance weights placed in the nearest correction 
plane. The author of the paper under discussion is to be con- 
gratulated on his solution of the problem as it exists for such 
cases where the end of a machine may be treated independently, 
and when vibration phase angles cannot be conveniently mea- 
sured. 


A simple solution of the problem by a somewhat different 
method is herewith presented. The rotor is run, without a trial 
weight, and the vibration amplitude is measured. The ampli- 
tude is represented by the vector OA in Fig. 1, which is drawn in 
any direction with a length proportional to the measured ampli- 
tude. A trial weight on any known amount is placed on the 
rotor in any position b, Fig. 2. The rotor is again run and the 


1 Published as paper APM-56-14, by Jacob Bromberg, in the Oc- 
tober, 1934, issue of the A.S.M.E. Transactions. 

2 General Electric Company, Schenectady, N. Y. 
A.S.M.E. 


Assoc-Mem. 


vibration amplitude is measured. The circle 2, Fig. 1, is drawn 
with its center at O, and with a radius proportional to this 
second amplitude reading. The same trial weight is then shifted, 
say 90 deg, in a counter-clockwise direction, to the new position c. 
After the third run amplitude is measured, the circle 3 is drawn 
with a center at O, and a radius proportional to this third ampli- 
tude. 

The vectors AB and AC, representing the effects of the trial 
weight in positions b and c, respectively, must be 90 deg apart in 
the same respect as the trial-weight positions, equal in length, 
and must terminate on the circles 2 and 3, respectively. Their 
correct positions are readily determined by swinging a ruled 
template, such as shown in Fig. 3, about the point A in Fig. 1 
until its edges intersect the two circles at points equidistant 
from A. 

Then the effect of the trial weight, in position b, for instance, 
is the vector AB. It is obvious from Fig. 2 that if this trial 
weight is shifted in a clockwise direction, from position }, 
through the angle 0, and the amount of the weight is multiplied 
by the ratio OA/AB, its effect will be equal and opposite to the 
original vibration OA, which will, therefore, be annulled. 

Of course, the angle through which the trial weights are shifted 
need not be 90 deg but may be any convenient angle, with the 
template made accordingly. 

This method has the important practical advantage that all 
construction may be kept within the bounds of a single sheet of 
paper while, when several measured amplitudes are almost 
equal, the method presented in the paper herein being discussed 
may involve striking ares with very long radii. 

The two possible solutions mentioned by the author are made 
apparent by this method, as shown by vectors e and f, Fig. 1. 
Possibly the quickest way of determining which solution is 
correct is to try the easier one. 


Tanpy A. Bryson.’ In discussing Mr. Bromberg’s paper, it 
is suggested that there may be many occasions when it is in- 
convenient to use a drawing board for the graphical solution, in 
which ease definite mathematical formulas are of value. 

In Fig. 4 let eU be the vec- 
tor which represents the am- 
plitude of vibration caused 
by the unknown unbalance U 
located at the unknown angle 
g from an arbitrary reference 
line O-X which may be 
marked on the rotor. In 
this term eU, U represents 
the mass of unbalance in 
ounces, pounds, ete., which 
is located at some assumed radius r from the axis of rotation; 
while e is a composite factor to convert the term into an expres- 
sion of unbalance in units of amplitude of vibration. The 
factor e, therefore, embraces consideration of the radius of the 
unbalanced mass, the necessary conversion factors, and the 
stiffness of the rotor supports. For any particular test set-up 
this factor is a constant because it may be assumed that all 
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3 Consulting Engineer, American Tool and Machine Company, 
Boston, Mass. Mem. A.S.M.E. 
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test weights are placed at the same radius and that the rotor 
supports are not stressed beyond the range of Hooke’s law of 
proportionality. 

In like manner, eWa represents the amplitude which would be 
caused by the test weight W, placed on an otherwise balanced 
rotor at the radius r and at the known angle a from the line of 
reference. Obviously, eW, may not be measured by test since 
it is blanketed by the effect of the unbalance. However, it is 
possible to measure the length of eA, the resultant of eU and eW,, 
thus obtaining one element of the data from which U and ¢ may 
be computed. 

Writing the equation for eA 


eA? = eU? + eW%a + 2e?UWa cos(y — a) 
= eU? + eWa + 2e2?UWa (cos a cos y+ sin asin ¢) 


Since this equation contains three unknowns, U, e, and 4g, it is 
necessary to apply three separate test weights, Wa, W», and We, at 
the constant radius r (or to make suitable correction if the radial 
location change) and at known angles, a, 8, and 2, from the refer- 
ence line and to measure the amplitudes eA, eB and eC caused by 
each in cooperation with the unbalance. Using equal test 
weights at the three different positions and solving the equations, 
there results 


(cA? 
(eA? 


eB) (cos a — cos 2) 
eC?) (sin a—sin 8) 


(eA? — eC?) (cos a 
(eA?— eB?)(sin a 


cos 8) 
sin )) 


tan ¢ = 


Letting 
x = (cosa — cosaA)cos g — (sin a — sin ))sin g 


y = cosacos¢ + sinasing 


Solve for U 
U2 + 2WU (eA? — eC) y — eA*x Ae we 
eA? — eC? 
eA?— eC? 
oa 
2W Uz 


While these formulas appear somewhat forbidding, their evalua- 
tion is actually quite simple if the test data and the values of 
the trigonometric functions are placed in orderly tabulation 
such as is shown in Table 1. The use of the listed data will be 
made clear by application to the author’s first problem, wherein 
equal test weights of 23 oz were used. 


TABLE 1 TABULATION OF DATA 
* Wa = Wd = We = W = 23 02; W? = 529 _ 
eA = 304 ehh eC = 19 
eA? = 900 eB? = 441 eC? = 361 
a= 25.71 = 64.29 > = 102.84 
cos a = 0.901 cos B = 0.434 cos \ = —0.222 
sina = 0.434 sin B = 0.901 sind = 0.974 
eA? — eB? = 459 eA? — eC? = 539 
cosa —cosB = 0.467 cosa —cosrd = 1.123 
sina —sink = —0.540 sina —singB = —0.467 


6 Unit of measurement = 0.0001 in. 
Substituting in Equation [1], the values listed in Table 1 


___539(0.467) — 459(1.123) Le 
459(—0.540) — 539(—0.467) j 


tan ¢ 


The negative sign indicates that the unbalance is located in 
either the second or fourth quadrants. Since the test weight 
W (Sc) in the second quadrant caused a reduction in amplitude, 
it acted opposite to the unbalance which, in consequence, is in 
the fourth quadrant. Accordingly, ¢ = 270.36 deg, cos ¢ = 
0.0132, and sin ¢ = —0.9999. Therefore 


/ 
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x = 1.123(0.0132) — 0.540(0.9999) = 0.555 

y = 0.901(0.0132) — 0.434(0.9999) = —0.422 
539(—0.422) — 900(0. 

ia 26 Oe 


539 


U2? — 61.8U = —6529 
U = 51.57 oz (or 10.23 oz) 


= Bist BOD TERE NG 
46(51.57)0.555 
e = 0.640 
eU = 0.640(51.57) = 33.0 


The test of the rotor without trial weights showed eU = 29, 
which, when compared with the computed amplitude of 33, 
serves aS a measure of the test and computation accuracy. (It 
should be said here that the above are slide-rule computations.) 
The comparison also indicates that U = 51.57, rather than 10.23; 
although proof of this fact may also be obtained by inserting 
the computed values in the original equation for eA’. 

The above method may be used for any three locations of the 
trial weights. However, it is desirable and usually possible to 
locate the trial weights in such manner as to simplify the compu- 
tations to a large degree. By making a = 0, 6 = 90,and A = 
180, the formulas reduce to 


(eA? — eB?) (eA? + eC?) 
tang = ere) C= a) 4 
=—W? 
eA? — eC? 
ee = ——_ 
4WU cos ¢ 


Tuomas C. Rarupone.‘ The author describes his method for 
determining the amount and location of the balance correction at 
one end of the rotor as applicable to the test results obtained on 
the conventional dynamic-balancing machine and proposes it as 
an improvement over the mechanical solution devised by Prof. 
G. B. Karelitz. Professor Karelitz actually devised his system 
for use on turbine generators under operating conditions in the 
field, as well as on test machines, and the writer, being associated 
with Professor Karelitz during these early attempts at field bal- 
ancing, can vouch for the successful application of his method on 
a number of installations. In the writer’s opinion, the semi- 
automatic graphical method may be more readily used for averag- 
ing the data by the man in the field. 

The balancing method described by the author is based on vi-- 
bration amplitudes alone. Actually, vibration is characterized 
by its phase relation to the disturbing force, as well as by its 
amplitude, and is of equal importance, otherwise, no vector solu- 
tion would be tenable. During the earlier investigations of field 
balancing, the writer devised a method for solving the problem. 
by means of the phase relation alone, which required but two. 
trial runs with known test weights. The method will be found 
satisfactory by using the so-called scribed high-spot with the rotor 
in a dynamic-balancing machine, performing the scribing at 20 to. 
30 per cent above the critical speed. Shaft scribings to determine 
phase relations on a rotor under actual operating conditions in 
the field were found to be so erratic and unreliable that special. 
apparatus to determine the phase of vibration by stroboscopic: 
means were resorted to. 

Fig. 5 of this discussion represents the end of the rotor under 
consideration and the vibration vectors involved. Before any 


4 Chief Engineer, turbine division, Fidelity & Casualty Company 
of New York, N. Y. Mem. A.S.M.E. 
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trials are made, the phase relation between the upper extremity 
of the vertical component of vibration for example, and some 
data on the rotor are determined. This direction is represented 
by OA. (In the case where the test is made in the dynamic- 
balancing machine, OA represents the scribed high-spot location.) 
OA represents the directional characteristic of the initial unknown 
unbalance. The length of this vector, representing quantity, is 


Q 0 Pp’ 
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to be determined, as well as the lag angle between this vector and 
the causative force. 

A known test weight is then inserted at any position, such as 
P, and a trial run made to determine the new phase position re- 
sulting from the combination of the known force and the unknown 
unbalance. Let OB represent the new high spot or phase posi- 
tion. Next, the known weight is removed from P and inserted 
at Q, 180 deg from P, and the second trial run made, resulting 
in a phase shift defined by OC. 

The vectors representing the two trial weights are equal and 
opposite. The solution is quite simply obtained by means of a 
seale or straight edge divided into two equal parts with points, 
0’, P’ and Q’ as illustrated in Fig. 5, representing the known 
weights. By holding the point O’ on the line OA, the scale is 
maneuvered until a position is found where P’ falls on OB and Q’ 
falls on OC. There is only one position possible. 

The amount of initial unbalance is determined directly by the 
relation of the length OO’, representing this unbalance, to the 
scale length O’P’ or O’Q’ representing the known test weight. 

The location of the initial unbalance is determined by the lag 
angle, which is found by comparing the actual direction of one of 
the test weights, as OP, with its resultant vector direction, Ont: 
This angle POP”, laid off ahead of OO’, locates the unbalance at 
OX, and the problem is solved. 

It should be mentioned that neither the method based on ampli- 
tudes alone, or on phase relation alone, reduces the problem to its 
ultimate simplicity. By utilizing both the amplitude and phase 
data, the amount and location of the unknown unbalance at one 
end can be determined by a single trial run. The writer has 
used this method with success on the dynamic-balancing machine, 
and has utilized this principle in determining the amount and lo- 
cation of the correction at both ends of the rotor simultaneously, 
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where each bearing is influenced by forces emanating from the 
other bearings. 


James J. Ryan.> The solution of the rotor-balancing problem 
as given by the author appears to be both unique and fundamen- 
tal. Considering one end of a rotor, mounted in a Lawaczek- 
Heyman balancing machine, with the other end fixed at the bear- 
ing, and applying the mathematical solution as given, the correct 
weights may be determined. However, it is not necessarily true 
that, with the rotor out of the balancing apparatus and in its own 
more or less flexible bearings and pedestals, the theoretical bal- 
ancing procedure as given is fundamentally correct. Any sys- 
tem of field balancing (balancing a rotor in its own pedestals) is 
subject to considerable error unless the static forces and the dy- 
namic moments are each taken into account by balancing on 
both ends of the rotor simultaneously. Such a procedure would 
consist in placing identical weights at the same angular positions 
on each end of the rotor, and, if an accurate solution is required 
regardless of the analytical effort necessary, the same weights 
should be placed at 180 deg removed from one another for addi- 
tional trial runs. The data obtained are compiled and analyzed® 
in some such a manner as described by the author, and several 
machines have been successfully balanced by the method re- 
ferred to. 

A method that should be used more often in engineering work 
has received very little attention in the writings of vibration en- 
gineers. Its origination has been lost in antiquity, although it 
is the fundamental of fundamentals, and its simplicity makes it 
available for use to every one. It may be termed the “sine curve 
of unbalance.” If a weight is added to the balance plane of a rotor 
at various positions around the periphery of the balance ring, the 
resulting amplitudes of vibration for that end of the rotor when 
plotted against the weight position will approximate the locus of 
a sine curve. The trough of the sine curve will indicate the po- 
sition for balance. The inverse ratio of the amplitude of the 
sine curve to the mean ordinate of the sine curve multiplied by 
the weight of the unbalance weight used in the trials will give the 
approximate weight to be added at the indicated position for 
balance. This is the simplest method of balancing on record, 
and is more accurate than most because ofits simplicity. Since, 
any three points plotted as coordinates determine a sine curve 
(as for a circle), only three trial runs are necessary to obtain the 
required data. It is preferable to place the trial weights at 90- 
deg positions for ease in off-hand sketching of the sine curve. 

Using this method of procedure on the data as set forth by the 
author in the first example, Fig. 6 of this discussion is obtained, 
wherein the approximate location of the balancing position is be- 
tween balance plug holes 27 and 28, and the amount of unbalance 
is calculated to be 49.502. Professor Karelitz, in his paper’ from 
which the example was taken, obtained the same balance loca- 
tion, and gives the exact amount of unbalance to be 56 oz. 

As stated above, balancing on one end of a rotor is unreliable 
in many cases, especially where a dynamic unbalance couple ex- 
ists. Thus the procedure is to place identical weights at the same 
position on each end of the rotor, shifting the weights 90 deg for 
the three trial runs, and measuring the amplitudes of motion of 
the two pedestals for each trial. The two sine curves obtained, 
sketched on the same graph, will establish the balancing condi- 
tion for the rotor in most cases. 


5 Assistant Professor, Machine Design, Mechanical Engineering 
Department, University of Minnesota, Minneapolis. k 

6 “Pjeld Balancing of Rotors,” by James J. Ryan, The Electric 
Journal, December, 1928, vol. X XV, no. 12, pp. 596-604. 

7 “Rield Balancing Rotors at Operating Speed,” by G. B. Karelitz, 
Power, Feb. 7 and 14, 1928. 
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Fig. 7 of this discussion represents the sine curves of unbalance 
for a large rotor considerably out of balance with respect to the 
dynamic couple and indicates the effectiveness of this method of 
balancing. The data in Table 2 were taken from trial runs on 
the machine. 

he 


35.5 
(6.8 


xX 2Z0zZ=49.5 


64 


a 
fo) 


Bh 
oo 


Ow 
nN 


ine) 
ASS 


2x Amplitude (0.0001”) 
BSS 
fo) 


o 


CAT PCBS SP NZ 16 20 24 
Balance Plug Holes 


28) 44 8 


Fic. 6 Tur ApproximATE LOCATION OF THE BALANCING PosITION 
As ASCERTAINED FRoM THE DaTa IN THH AUTHOR’S First EXAMPLE, 
UsINnG THE WRITER’S METHOD OF PROCEDURE 


UD 


MPLIT 


Ss 


1S 2COTRCRE4- 


/4 /6 


BALANCE PLUG HOLES 
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CouPLE 


The curves obtained indicate balance weights of 97 ounces dis- 
tributed at balance plug holes 10 and 11 on the number 1 end, and 
71 ounces distributed between holes 17 and 18 on the number 2 
end. The error may be estimated, for the rotor was operated sat- 
isfactorily with 87 ounces in hole 9 on the number 1 end, and 95 
ounces distributed between holes 18 and 19 on the number 2 end, 
after repeating the above procedure with smaller trial weights, 
leaving the original balancing weights in position. Using this 
method of analysis, the original run with no trial weights has little 
meaning. 
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TABLE 2 

Trial Balancing Balancing Balance ring Maximum amplitudes 
run plane wt., OZ. location (1/1000 in.) 
Initial 1 None sh 3.0 
Initial 2 None ries 5.0 

A 1 37.5 13 8.0 

A 2 37.5 13 10.4 

B 1 37.5 3 13.0 

B 2 37.5 3 12.5 

(ay 1 37.5 18 12.6 

Cc 2 37.5 18 Ley 4 


This method of balancing enables the operator to balance a 
machine on the job, using a vibrograph, a slide rule and cross- 
section paper. He is guided definitely as to further procedure. 
The method is elementary and efficient. 


AvuTHOR’s CLOSURE 


E. L. Thearle’s solution is of the same type as Professor 
Karelitz’, i.e., it involves the use of a special mechanical device. 
It nevertheless has the important advantage of using a set of 
parallel lines permanently drawn on a template, while the set 
of concentric circles or polygons, proposed by Professor 
Karelitz involves considerable preparatory drafting in each 
separate case. The measurement without a trial weight is in- 
cluded by Mr. Thearle in his solution which involves three basic 
runs for measurement of vibration amplitude; this makes a 
fourth run necessary in order to try the “easier’’ solution, to 
use Mr. Thearle’s term. 

Mr. Bryson’s analytical solution takes the polar coordinates 
of the counterbalance weight for the unknown of the problem 
and also uses such coordinates for the given trial weights. This 
may be a luckier choice than Cartesian coordinates used by the 
writer. 

The author solved numerically the same case chosen by Mr. 
Bryson, following his own method as shown in Appendix 2 of the 
paper. The results for x and y were 


a = —0.676; y: = 51.94; x. = —0.132; yo = 10.18 


In order to compare this result with Mr. Bryson’s we determine 
tan g = y:/a(= Yyo/t2) = 51.94/—0.676 = —76.86, or g = 
90 deg, 44 min, and 44 sec. In Mr. Bryson’s notation who 
locates the initial unbalance and not the required balancing 
weight, as the author does, ¢ should be 270 deg, 44 min, 44 
sec, or 270.75 deg. The magnitude of the unbalance appears 
as 51.95 oz and 10.17 oz, respectively, while for distances O'S, 
and O”,S, we obtained 47.10 and 20.85. The amplitude result- 
ing from initial unbalance alone could now be predicted as 0.0030 
< 51.95/47.10 = 0.0032 in. in the first case and as 0.0030 X 
10.17/20.85 = 0.00148 in. in the second (in complete accordance 
with the numbers evaluated by direct measurements in Fig. 3 
of the paper) and the correct solution can now be pointed out. 
The writer’s number (0.0032 in.) is somewhat closer to the 
observed amplitude (0.0029 in.) than Mr. Bryson’s (0.0033 in.), 
but the error is still about 10 per cent of the magnitude in ques- 
tion. The discrepancy is due not so much to inaccuracies of 
slide-rule computations, as to the inaccuracies of the amplitude 
observations and of the general theory of this kind of vibrations. 
Also, Mr. Bryson’s remark, that the choice of the correct solu- 
tion can be made “‘by inserting the computed values in the original 
equation for €A” is incorrect, unless eU in this equation is to be 
computed from the observed amplitude at the (fourth) no-trial- 
weight test. There exists no means for separating the physically 
correct solution from the basic three amplitude measurements 
alone. 

The comparison showed that the writer’s solution, being some- 
what more symmetrical than Mr. Bryson’s and also more con- 
venient for finding the quadrant where the unbalance is located, 
is nevertheless much more complicated. Still more painstaking 
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would be the more general case of unequal trial weights which, 
incidentally, has been left out by Mr. Bryson. However, even 
his version can hardly ever have a chance of being used by a 
practitioner for actual unbalancing. Here, graphical methods 


are the best. 


It should be noted, that the case of almost equal amplitudes 
hardly warrants the apprehension expressed for it by Mr. 
Thearle and Mr. Bryson. Where two of the three amplitudes 


_ happen to be close to equality, they will usually be considerably 


different from the third amplitude, thus giving convenient radii 
for the two ares required for the solution. When all three 
amplitudes are almost equal, both solutions are almost identical 
as will be shown later, and are to be looked for in a small region 
around the center of the circle passing through points S,, S,, 
S. (or center of the log of balancing—for equal trial weights). 
Also replacing an arc of a too long radius by a straight line per- 
pendicular to the corresponding side of triangle S,S,S, and 
passing through the respective point U would not seriously 
affect the accuracy of the solution. All these statements may be 
verified in the example of Figs. 3 and 4 of the paper. 

Mr. Rathbone’s remark, that the phase relation of the vibration 
to the disturbing force is of no less importance than the length 
of the vector giving the amplitude, is theoretically quite true. 
This, however, does not affect the possibility and desirability 
of solutions which make use of amplitudes alone. Direct ob- 
servations of the phase-lag angle by means of high-spot scribing 
are sometimes unreliable, as Mr. Rathbone himself has pointed 
out. 

The question of whether or not a semi-automatic graphical 
method of solving the balancing problem is preferable to a possi- 
bly somewhat involved geometrical construction hardly allows 
a general answer and may be left open, inasmuch as the writer’s 
method does not intend to replace any former attempt to attack 
the same problem. The writer would only take the liberty to 
observe that the engineers dealing with this problem seem to 
show a certain propensity to improvised mechanical devices, 
which are used sometimes in cases where a geometrical construc- 
tion would unquestionably be simpler. Such a case is that 
treated by Mr. Rathbone in Fig. 5 of this discussion, where line 
P’Q’, which is to be halved by the vector OA at the point O’, 
could be found by drawing through any point P’ on OB a line 
P’R’ parallel to OC (intersecting OA at R’), and then drawing 
a line R’Q’ parallel to OB (intersecting OC at Q’) and connecting 
P’ with Q’. 

In the case of Mr. Thearle’s Fig. 1, a construction replacing 
his template with the set of drawn lines would be very com- 
plicated. His method, like Professor Karelitz’ and the writer’s, 
has the advantage of using amplitudes alone. 

Of course, Mr. Rathbone’s results obtained from two and 
even from one run on the machine by simultaneous observations 
of amplitude and phase are remarkable. 

The method of drawing a sinusoidal curve representing the 
amplitude in terms of the location of a constant trial weight, 
used in this discussion by Professor Ryan, has been pointed out 
by Professor Stodola® (but without Professor Ryan’s interesting 
details). The question of whether it is possible to sketch off- 
hand sinusoids on the basis of three points (especially in a com- 
bination similar to that in Fig. 6 of this discussion) must be 
left to the experiénce and ability of the individual draftsman. 
In the present case, Professor Ryan’s result, as compared with 
those of Professor Karelitz and the writer, can claim for toler- 
able accuracy only as to the location of the unbalance. Still 


8 “Turbine Vibration and Balancing,” by T. C. Rathbone, Trans. 
A.S.M.E., vol. 51, 1929, paper APM-51-23, p. 267. 

“Dampf- und Gasturbinen,” by A. Stodola, fifth or sixth edition, 
p. 356, Fig. 398. 
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Professor Ryan’s method may be of use for quick preliminary 
orientation. ; 

In conclusion, the writer points out some further properties 
of the construction described in his paper. 

1 It is clear, that the centers O,, O,, and O, lie upon one and 
the same straight line, which is perpendicular to the segment 
O",0", and crosses it at its middle. 

2 In the case of all three amplitudes being exactly equal 
(m = n = p) the three circles would become straight lines 
perpendicular to the sides S,S,, S,S,, and S,S,, respectively, 
and passing through their middles. We would obtain one 
solution, corresponding to the center of the circle circumscribing 
triangle S,S,S,. Formulas [3] of the paper, in which the second 
determinants in the numerators now vanish, would become 
x = d,; y =—d,. Returning now to the general case, dz and 
dy in formulas [3] allow a simple geometrical interpretation, 
namely, d, and —d, are the coordinates of the center of the circle 
passing through the vertexes of the triangle S,S,S.. 

3 Let us now translate parallelly the coordinate axes from O 
into this center (say O’), as a new origin. In the new system of 
coordinates X’Y’, the numbers a, b, and ¢ (distances between 
point O and points S,, S,, and S,) are replaced by a’ = b’ = 
c’ = R (radius of the circumscribing circle). The first determi- 
nants in the numerators of formulas [3] of the paper now vanish 
and we have in the new notation 


(K, not K’, because, according to formula [1] of the paper, K 
is an “invariant” of the transformation, depending on differ- 
ences of coordinates and on constant numbers m, n, and p.) 
It follows immediately from formula [3’], that points O"; and 
O", lie upon a straight line through the center O’. 

4 Equation [4] of the paper now becomes 


ING SIIE ABO Hi Respapenoana sone [47] 


where A’ = 3(e”, +e”) and C’ =a" +b" +c” = 3R*. 
From well-known properties of quadratic equations it follows 
that 
KiKa = C’/Al = R*/(e", + e”,) 


The product of K:K> can only be positive, i.e, Ki and K» can 
only be both positive or both negative. It now follows from 
formula [3’], that x’, also has the same sign as x’, and y’: the 
same sign as y’s. Points O": and O”2 are located on the same 
side of center O’. 

5 From squaring our last equation we obtain 


CRE RG A (Gis ct ot 8 me eee sats cuatnisi'o bans,» (5’] 
From formula [3’] we obtain by squaring 
x = Ky es x, = K*,e'",; y1 = K,e"",; y's = 
whence by addition 


x ot yt = Ky2(e”, ab ea)s a! ae ys ae Revers Sic e””)) 
and, by multiplying the last two equations, 


K'K%(e, +e)? = (+ y)@s + 9%) 


By substituting the right-hand side of the latter equation in 
Equation [5’], we obtain 


(a + ye + y2) = RY or 
les + yd] LV @'e? + 9) [= Bs 
(0'0":)(0'0":) = R?* 
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From this equation and from the two properties of points 
0”, and O"y which have been emphasized, it follows that points 
0"; and O"s are poles with respect to the circle circumscribing the 
triangle S,S,S,- 

For the particular case of equal trial weights, this property of 
the two solutions of the balancing problem has been pointed out 
by Prof. J. P. Den Hartog, with reference to the construction 
here described, in his recent treatise on mechanical vibrations. 1° 
This polarity may be used 
for finding the physically 
correct solution in cases 
where a solution obtained, 
for instance, by one of the 
methods pointed out in 
the present discussion, 
happens to be the false 
one. If O", is known, 
(Fig. 8 of this discussion) 
draw O"»M perpendicular 
to O'O"s, intersecting cir- 
cle O’ at M, then draw 
MO’, perpendicular to 
O'M, intersecting O’O", 
at O";.. If O'; is known, 
ic draw a half-cirele upon 

c the diameter O’0";, inter- 
secting circle O’ at M, 
then draw MO", perpen- 
dicular to O'0";, intersecting O’0"; at O's. 

The present paper was written more than three years ago, but 
circumstances beyond the author’s control hindered its publica- 
tion. In the meantime Mr. L. P. Kroon of the Westinghouse 
Electric & Manufacturing Company found independently an 
essentially identical solution of the balancing problem. When 
it had been called to his attention that there was an unpublished 
paper in existence working out the same subject, he very gener- 
ously conceded priority to the author and also helped to bring 
about the publication of the present contribution. 

I am also indebted, for encouragement or help, to J. G. Baker 
and L. M. Tichvinsky, both of the Westinghouse Electric and 
Manufacturing Co., and to Prof. J. P. Den Hartog, Prof. F. 
M. Lewis and Prof. E. O. Waters. 


Fie. 8 


Influence of Bends or Obstructions 
at the Fan-Discharge Outlet on the 
Performance of Centrifugal Fans’ 


R. D. Manison.?. Where the air leaves a fan with substantial 
uniformity in direction and velocity it is reasonable to suppose 
that an elbow placed directly on the fan discharge would offer no 
specially different type of flow or resistance from what it would 
if placed elsewhere in the duct system. The tests reported in the 
paper under discussion show this to be the case. 

Unfortunately most fans are not so ideally suited to such a 
test. Although it was specifically stated that only one fan was 
tested it was not representative of the majority of fans on the 
market today. The writer refers to the large diverging chamber 
from the point of cut-off to the fan discharge, approximating 11/2 


10'*Mechanical Vibrations,” by J. P. Den Hartog, McGraw-Hill, 
1934, pp. 246-248 and 380. 

1 Published as paper FSP-56-12, by L. 8. Marks, J. H. Raub, and 
H. R. Pratt, in the October, 1934, issue of the A.S.M.E. Transac- 
tions. 

2 Research Engineer, Buffalo Forge Company, 
Assoc*Mem. A.S.M.E, 


Buffalo, N. Y. 
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Such fans are often used in the power-plant 
field and are special fans. The expanding portion is more often 
built as a part of the duct work. It is still a matter of opinion 
what the tests would have shown had the elbow been placed im- 
mediately at the discharge of a conventional fan. 

Where the air leaves a fan with non-uniform flow it is reason- 
able to suppose that the behavior of an elbow will be affected if 
placed adjacent to the fan discharge. It is known that there is 
more tendency to spiral flow in single-inlet fans, particularly 
those with large outlets. The writer has been making tests on 
elbows following such fans and expects to present these data in 
the near future when the tests are completed. At the present 
time sufficient data have been obtained to say that fan perform- 
ance can be materially changed if the conditions are especially 
bad. 

The writer has observed that the pressure loss may be different 
whether the elbow turns to the right or left of the line of discharge. 
In fact such observations have been noticed where the elbow is 
11 diameters from the fan discharge. The type of flow is espe- 
cially severe in the case of a reverse elbow at the outlet of a forward 
curved blade fan which has a “‘drop cut-off,” that is, an outlet 
materially larger than the area at the point of cut-off. The 
static-pressure curve of this type of fan and elbow shows a large 
drop in pressure beyond the peak of efficiency and is concave 
upward from there to free delivery. The pressure is unstable 
near free delivery, a condition caused only by the location of the 
elbow. It is interesting to note that when one diameter of duct 
was interposed between this fan and elbow the pressure curve 
again followed the characteristic trend, although the elbow loss 
was somewhat higher than when subjected to uniform flow. 
Whether one says that the fan characteristic is affected by such 
arrangement or that simply the elbow loss is variable, the fact 
remains that if the usual elbow loss were used in figuring an in- 
stallation the expected flow would not be obtained. 

The effect of one diameter of duct between a fan and elbow is 
cited here to show that it can have a remarkable stabilizing 
effect on the flow of air approaching the elbow. In view of this, 
it is a matter of opinion what the authors would have found in 
their tests had the specially long outlet not been used in their 
work. While it is known that single-inlet fans are likely to cause 
more rotation in the air leaving the discharge than corresponding 
double-inlet fans, the rotation in the latter is not nullified by the 
opposing inlets as the author suggests in another paper? but is 
greatly reduced due to the absence of friction along the central 
plane of the fan. Two vortices are set up in opposite direction 
and in lesser amounts. 

While it is not the best practice to place an elbow directly at 
the fan discharge, still it is frequently done in ventilating work 
where space is at a premium. The behavior of the elbow will 
thus depend upon the condition of flow at its entrance, being 
better in some fans than in others. The reverse elbow is to be 
discouraged in any case and the turn used that follows the direc- 
tion of fan rotation. The practice of using turning vanes if it 
becomes necessary to place the elbow at the fan outlet, is good. 
Here again, however, full flow across the elbow inlet must exist 
or the expected performance may not be obtained. 

It would be interesting to know whether the authors tested 
the elbow at some distance from the fan and what the pressure 
loss was. Curve Fig. 6 would indicate this to be about 0.4 ve- 
locity heads but from the writer’s tests he would expect this to 
be about 0.25 velocity heads for this elbow. Wirt’s tests‘ at the 
General Electric Company show losses of about 0.425 velocity 


diameters of pipe. 


3‘‘Air Flow in Fan-Discharge Ducts,’ by L. S. Marks, Trans. 
A.S.M.E., 1934, paper PTC-56-2, p. 876. 

4“New Data for the Design of Elbows in Duct Systems,” by 
Loring Wirt, General Electric Review, June, 1927. 
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heads for an elbow of this type, and the writer feels that it was 
owing to the method of test where a nozzle preceded the elbow and 
a uniform velocity was effective over the whole cross-sectional 
area. This condition does not exist in practice. Besides the 
tests were made at very high velocities in a 3-in. elbow. The 
writer’s tests check much more closely with those of Busey® which 
were made at the Buffalo Forge Company, although they are 
slightly higher. 


C. E. Pecx.® The results found by the authors of the paper 
under discussion are valuable in that they verify the general 
opinion that the influence of bends or obstructions at the dis- 
charge of the fan has little effect on the fan performance. How- 
ever, it is important to note, as pointed out by the authors, that 
their conclusions are based on a fan of the centrifugal type with a 
volute housing so designed that the air being discharged from the 
housing has a reasonably definite direction and fairly uniform 
distribution at the outlet. 

The axial-flow type of fan or propeller type of fan discharging 
directly into a duct system may give to the air quite different 
types of flow characteristics such that bends, sudden enlarge- 
ments, or obstructions will affect the fan performance appreciably. 
For instance, the air leaving a high-capacity propeller-type blower 
has very large rotational-velocity components which maintain 
themselves at large distances beyond the fan in the duct work. 
The rotational velocities vary from the center to the wall of 
the duct. With these complicated directions of flow existing, 
any obstruction or bend, or change in duct cross-section at the 
fan discharge or even at some distance from the fan discharge 
may appreciably affect the fan delivery and efficiency. 

The performance of a propeller fan with properly designed 
guide vanes at the fan discharge is such that the air leaving the 
vanes is essentially parallel with the axis of the duct. With this 
condition and uniform velocity distribution the effect of bends or 
obstructions beyond the guide vanes would probably be small. 

In general, when a fan of any type is applied to a duct system 
and the fan is provided with a volute case or guide vanes or some 
device which produces uniform flow in a given direction the effect 
of duct shape and obstructions beyond the fan is negligible. 
However, when fans are applied in special cases, such as the cool- 
ing of electrical machinery where volutes and guide vanes can be 
rarely used, the effect of obstructions at the fan outlet is more 
noticeable. The effect of the close proximity of end windings 
and the rotor of the electrical machine must be considered and 
usually such obstructions greatly influence the fan performance. 


AvutHors’ CLOSURE 


The investigations of Mr. Madison show that the pressure drop 
in an elbow depends on the uniformity of flow of the air approach- 
ing it but do not appear to demonstrate any influence of the elbow 
on the performance of the fan. If the character, location, or 
orientation of the elbow is such as to change the discharge pressure 
at the fan outlet, the condition under which the fan is operating 
will change to some other point on the fan-performance curve. If 
the elbow actually affects fan operation, the performance curve 
of the fan will change. Mr. Madison has apparently investigated 
a combination of fan and elbow for a fan which gives a spiral 
discharge flow and shows that the performance of this combina- 
tion varies with the location and orientation of the elbow. The 
authors believe that this variation results from actions in the 


5 “Loss of Pressure Due to Elbows in the Transmission of Air 
Through Pipes or Ducts,’”’ by Frank L. Busey, A.S.H.&V.E. Trans., 
1913. 

€ Power engineering department, Westinghouse Electric & Manu- 
facturing Company, East Pittsburgh, Pa. Jun. A.S.M.E. 
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elbow alone and that the fan is unaffected as long as it has a com- 
plete fan casing. 

In the authors’ tests the elbow was not tested at some distance 
from the fan be¢ause the air flow at the fan-casing outlet was 
found to be practically uniform over the whole cross-section. 

The authors agree with Mr. Peck that if the fan casing is ab- 
sent or incomplete, the effect of obstructions in close proximity to 
the fan may be considerable. 


Calibration of Rounded-Approach 
Orifices' 


R. E. Sprenxiz.2 Mr. Smith’s data are timely, particularly 
since some can be connected directly to other pertinent data 
which greatly extends the scope of usefulness. For instance, the 
writer’s Fig. 1 shows the data from Mr. Smith’s large oil-flow 
nozzle plotted together with data from a Bailey 3.06-in. X 1.836- 
in. water-flow nozzle. While at the junction point of the two 
sets of data, or at a Reynolds number of approximately 35,000, a 
possible separation by approximately 1/2. per cent exists, there is 
no question but that the data from the Bailey nozzle are a real 
continuation of the data of Mr. Smith’s nozzle, and that a single 
smooth curve represents the complete data of the two when 
plotted against Reynolds’ number. 

This despite the fact that the Bailey nozzle used pipe-line con- 
nections instead of the impact and throat type of connections 
used by Mr. Smith. Pipe-line taps place the inlet static connec- 
tion into the pipe wall at a distance of one pipe diameter preced- 
ing the nozzle inlet, and the outlet static connection into the pipe 
line back of the nozzle throat, as shown in Fig. 13 of Mr. Buck- 
land’s paper,’ “Fluid Meter Nozzles.” 

Further, there is a distinct difference in size between the two 
nozzles, as well as the use of entirely different flowing fluids in 
obtaining these calibration data. When to all of these is added 
the difference in the physical set-up and the fact that the differ- 
ent experimenters involved were working entirely independently 
of each other, this agreement becomes all the more noteworthy. 

Since the water curve obtained from the Bailey nozzle flattens 
out at about 600,000 Reynolds’ number, and continues flat up to 
the maximum test point of about 900,000 Reynolds’ number, 
there is little reason to doubt the projection of the curve as a 
perfectly flat line to Reynolds’ number of much greater value, 
possibly to infinity. ‘Such tests, using steam flow, are now 
scheduled to be made shortly on the Bailey nozzle, better to show 
the validity of this assumption. 

In view of this the curve has been extrapolated to a Reyn- 
olds number of over 3,000,000 so as to cover the useful range 
of steam, air, or other low-viscosity fluids, and it is felt that this 
same curve could be extrapolated further if desired without being 
in error more than plus or minus !/2 per cent. Likewise, the same 
curve should apply to any flow nozzle of this general structure, 
provided the diameter ratio of the throat to the inlet-pipe diame- 
ter does not exceed 60 per cent. 

Mr. Smith’s medium- and small-sized nozzles do not line up 
either with his large one or with the Bailey nozzle, possibly as a 
result of differences in relative roughness of the throat finish. 
Then too, recent researches on orifices show the improbability of 
making orifice throats less than 0.5 in. so as to conform with 
larger diameter throats. This same observation applies to nozzle 
throats as well. Thus, such small sizes must be considered in a 


1 Published as paper RP-56-10, by J. F. Downie Smith, in the 
October, 1934, issue of the A.S.M.E. Transactions. 

2 Bailey Meter Company, Cleveland, Ohio. Assoc-Mem. A.S.M.E. 

3“Pluid Meter Nozzles,” by B. O. Buckland, Trans. A.S.M.E., 
1934, paper FSP-56-14. 
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class by themselves and cannot be grouped with larger ones with- 
out the application of some correction factor to compensate for 
these variations in finish. 

An interesting comparison with the average curve of the Gen- 
eral Electric nozzles, described by Mr. Buckland,’ is made pos- 
sible by placing this average curve on the writer’s Fig. 1. The 
maximum difference between the two curves is about 1!/2 per 
cent, and it occurs at a Reynolds number of approximately 
10,000. At higher and lower Reynolds’ numbers, particularly 
at the higher Reynolds number, the agreement between the two 
curves is better than 1/2 per cent. Because of the rather spotty 
data of the General Electric nozzles at Reynolds’ numbers less 
than 50,000, it is believed by the writer that the heavy curve 
shown in his Fig. 1, as developed by Mr. Smith and the Bailey 
nozzle, is slightly more favorable. However, if a mean line were 
drawn between the two, the maximum deviation would not ex- 
ceed */, per cent, with the average between !/, per cent and 1/2 
per cent at the more useful ranges which is an accuracy that will 
conform to most test specifications. 


Ronatp B. Smiru.4 While the results of this paper serve as 
further confirmation of the Reynolds criterion it would seem to 
me that this is the ideal application of the sharp-edged orifice 
rather than the nozzle. It is extremely difficult to reproduce 
accurately the author’s approach radii on nozzles /, in. and 4/16 
in. in diameter so that the coefficients cannot be applied to other 
nozzles with certainty. For instance, the author’s coefficients 
of the geometrically similar large and medium-size nozzles do not 
agree. In addition, the use of a 1/,.-in. throat hole in only a 1/s- 
in. nozzle must result in some abnormality in the flow. 

Apart from the author’s research it may be of interest to point 
out that in the regions of laminar flow the use of a pitot tube at 
0.15 diam from the pipe wall offers no advantages over the usual 
static hole as far as accuracy is concerned. While the author 
does not mention the straight length upstream of the nozzles, let 
us assume that it is sufficiently long so that a parabolic profile 
is nearly developed. Although this would require considerable 
length it is approached in about 50 diameters. Now the impact 


‘Turbine Engineering Department, Westinghouse Electric & 
Manufacturing Company, East Pittsburgh, Pa. Jun. A.S.M.E. 

5 ““Aero- and Hydromechanies,” by Tietjens-Prandtl, vol. 2, pp- 
25-28. 


tube at 0.15 diam from the wall measures practically the average 
velocity for the parabolic (or the one-seventh turbulent) profile, 
yet it is known that the kinetic energy of the parabolic profile is 
twice the square of the mean velocity. Inasmuch as the develop- 
ment of the flow equation is essentially a balance of energies it 
would then be more rational to locate the tube at the rms ve- 
locity point when there is a laminar flow. This would be at 
about 0.3 diam. 


Ep S. Smrrs, Jr.6 The author’s data cover a range of Reyn- 
olds’ numbers of present interest for the nozzle having an impact 
tube in the inlet. The curve in general parallels that for the 
Herschel Standard venturi tube, falling consistently several per 
cent below it. 

The writer considers an impact tube, spaced only 0.15 diam from 
the pipe wall as tested by the author, to be a poor pitot on ac- 
count of the steep velocity gradient so near the wall. It would 
seem that this tube location would be unduly liable to error at 
low Reynolds’ numbers where the velocity-distribution curve 
has a parabolic form, i.e., an extended nose in the center. The 
use of straightening vanes is indicated in this flow régime. 

In spite of the foregoing objection, the author’s tests show an 
excellent correlation of coefficient with Reynolds’ numbers, thus 
establishing the relation usefully for the particular nozzle-impact 
tube forms used. 


Sanrorp A. Moss.?. This paper shows a great deal of precise 
flow-measurement work, and is a distinct contribution to our 
knowledge of the properties of rounded-approach nozzles. One 
of the contributions is evidence in the matter as to whether or not 
Reynolds’ number is a proper criterion for the plotting of nozzle 
coefficients. The author’s curves in Figs. 3 and 4 do not at all 
coincide as they would if Reynolds’ number were a complete 
criterion. The curves are also a little lower than the Reynolds 
number curve given by Mr. Buckland.* It has been suggested 
that the coefficient of various nozzles might be brought together 
if “Head” were used as the abscissas, rather than the Reynolds 
number, and this is worth investigating. Mr. Smith uses as the 


6 Hydraulic Engineer, Builders Iron Foundry, Providence, R. I. 
Mem. A.S.M.E. 

7 Research Engineer, General Electric Company, West Lynn, 
Mass. Mem. A.S.M.E. 
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ordinate of his curves, on Figs. 3 and 4, the velocity coefficient 
whereas Mr. Buckland uses flow coefficient as the ordinate for 
his curves, which is the coefficient occurring in the theoretical 
formula for weight flow. Might it not have been a little more 
useful for computations involving use of the nozzle, as well as 
easier in the computations for finding the coefficient, if Mr. 
Smith had also done this? 


Ricuarp G. Foutsom’ and J. A. Purnam.? Rounded-approach 
orifices with cylindrical downstream sections were developed with 
a view to obtaining a flowmeter having a constant-discharge co- 
efficient near to unity. The added feature of the impact tube 
was introduced to simplify the flow equation in that it auto- 
matically takes into account the velocity of approach, when 
placed in the correct position. Such an arrangement has con- 
siderable value when metering gaseous fluids. However, in 
handling liquids the law of continuity is so simple that the addi- 
tional constructional and experimental difficulties of the impact 
tube far overshadow its advantages. 

Mr. Smith’s paper and other recent publications!®™ clearly 
illustrate the characteristics of this type of metering device at 


8 Instructor, Department of Mechanical Engineering, University 
of California, Berkeley, Calif. Jun. A.S.M.E. 

9 Teaching Assistant, Department of Mechanical Engineering, 
University of California, Berkeley, Calif. 

10 “Regeln fir Die Durchflussmessung mit genormten Diisen und 
Blenden,”’ V.D.1., 1932. 

11 Détermination du Coefficient de Débit de Tuyéres et Orifices 
Noyés,”’ by MM. P. Leroux et Deullin, Annales des Mines, ser. 138, 
vol. 4, no. 11, 1933. 
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both low and high values of Reynolds’ number. The discharge 
coefficient drops rapidly at low values of Reynolds’ number simi- 
lar to the corresponding characteristic of the simple diaphragm- 
orifice. 

Fig. 2 of this discussion shows the calibration curve of a small 
square-edged orifice used for metering in the mechanical labora- 
tories of the University of California and which is comparable 
with the small orifice used by Mr. Smith. The meter conforms 
in general with the I.S.A. 1930 orifice, except that the diameter is 
less and the edge is thicker than the tolerance limits set by the 
I.S.A. The pressure connections are placed so that accidental 
burrs can have no effect. A disadvantage of the meter used by 
Mr. Smith is the position of the static-pressure connection in the 
high-velocity section where errors due to burrs will be a maximum. 

Although the nozzle-impact-tube meter coefficients are higher, 
they vary as much as the coefficients of the simple orifice in the 
region of low Reynolds’ number. At high Reynolds’ number 
both types have a constant coefficient. 

Since there is no choice on the basis of discharge-coefficients, 
the simpler sharp-edged orifice proves to be the most satisfactory 
meter under operating conditions. For accurate work, all small 
meters must be calibrated in place. 


R. J. S. Picorr.!2 Mr. Smith is to be congratulated on the ex- 
cellent consistency of his test work. In comparison with other 
tests on small nozzles, the scatter of points is quite noticeably less 
than usual. 


12 Staff Engineer, in charge of engineering, Gulf Research & De- 
velopment Corporation, Pittsburgh, Pa. Mem. A.S.M.E. 
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It is assumed that the pipe used with these nozzles was drawn 
brass, although it is not so stated in the paper. The point is of 
importance, as the roughness of the preceding pipe has a definite 
effect upon coefficients. 

Regarding the use of the impact tube located at 0.15 diam, the 
writer used this location in 48-in. pipe in 1910, for steam sampling. 
It gives a fairly good average velocity reading for fairly large 
Reynolds numbers, but it is certainly not rigorous. Such an 
impact tube does have an influence on the coefficient, since it 
disturbs the flow into the nozzle. 

With regard to the dip in the coefficient curve, for the medium 
orifice it is possible that the impact tube for this particular set-up 
was at a critical position. There is also another cause for dis- 
turbances in this region; the plots are usually based on Reyn- 
olds’ number in the throat. Turbulence usually begins at dvp/u 
= 1200 to perhaps 2500. But at this time, the upstream section 
is in viscous flow, and full turbulence for the whole nozzle does 
not occur until dyp/u in the throat is greater than 3300 for the 
large nozzle, 6600 for the medium, and 13,200 for the small nozzle. 
Indeed, if the flow is very smooth in the upstream pipe, turbu- 
lence may not be fully established until about twice the foregoing 
values. Consequently, there is some instability in the orifice in 
this range; it may be detected by a tendency of the head gages 
to oscillate, since there are at least two possible extreme values 
for the differential. Very likely the dip is due to a combination 
of the impact tube and the unstable condition. 

The writer would assign even the small variations in coefficient 
to three factors: (a) non-similarity; (b) difference in relative 
roughness; (c) the impact tube. 

For the past ten years, it has become customary to plot ven- 
turi-tube, disk-orifice, and nozzle coefficient against number, as- 
suming geometrical similarity, because the venturi was the same 
general shape, the orifice was flat and had a sharp edge, or the 
nozzle was the same contour. This practice is unfortunate, as 
it is not fair to the Reynolds number comparison. It is a fact 
that almost no completely similar nozzles have been tested. If 
the same 12-in. steel pipe is used for a five-, four-, and three-inch 
nozzle, although the nozzles themselves are similar in contour, 
the assembly is not similar. Further, if a 12 by 3 and a 4 by 1 
nozzle are compared, using steel pipe in both cases, they are dis- 
similar; the four-inch pipe is relatively much rougher; so is the 
one-inch nozzle, with the same polish. 

Mr. Smith’s nozzles are approximately similar only. In the 
fluid-meters-nozzle research at present proposed, we intend to 
establish full geometrical similarity, varying roughness and 
diameter ratio. In this way, those deviations hitherto all 
charged to test variation will certainly be reduced to test errors 
purely, without the additional scatter resulting from dissimilarity. 

These small nozzle tests are very much needed to fill out the 
lower Reynolds number region, and are particularly timely for 
the writer. 


AuvuTHOoR’s CLOSURE 


Mr. Moss has pointed out that the three curves given in the 
paper do not coincide and on this basis concludes that Reynolds’ 
number RP is not a complete criterion to use as abscissas. It would 
appear to the author, however, that such a conclusion from the 
present data is unwarranted. In the first place, the orifices are 
not quite geometrically similar, with the result that a dimen- 
sional-analysis treatment of the problem would not give us C as a 
function of R only. Other dimensionless groups involving 
lengths would unquestionably enter. 

The fact that these curves are slightly lower than those of B. O. 
Buckland can be explained perhaps by the lack of similarity in 
the two pieces of apparatus, and by his use of static pressure up- 
stream, whereas the author used impact pressure upstream. 
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Mr. Moss’s suggestion to plot C against head rather than R has 
been tried. It yields points with the present data that are 
scattered considerably more than where & is used. 

Mr. Moss points out that the author uses the simple equation 


2gh 
Vineor = © 2gh rather than Viheor = : 


1 — 7 

Buckland where r is the ratio of throat diameter to upstream 
diameter, and states that the latter is the coefficient occurring in 
the theoretical formula for weight flow. He has overlooked the 
fact that there is a difference in set-up in the two cases. Using 
static pressure upstream, the latter of the two formulas is correct, 
but if an impact tube is to be used, the former equation is the 
correct one, provided that the impact tube is placed at the proper 
place to get the desired velocity head. 

Ronald B. Smith, Ed S. Smith, Jr., and R. J. 5. Pigott state 
that the use of an impact tube at 0.15 diam from the pipe wall offers 
no theoretical advantages over the usual static hole. The author 
agrees with this. R. B. Smith’s logic in discussing the kinetic- 
energy relations cannot be questioned. Strangely enough, the 
author used reasoning quite similar in discussing a paper pre- 
sented by Prof. L. S. Marks on air flow in fan ducts a few days 
before these present discussions were presented. 

When these orifices were installed the question of possible 
errors arising in coefficient due to erroneous readings of velocity 
upstream was investigated. Perhaps a résumé of the conclusions 
reached at the time would be illuminating. If an error of 50 per 
cent in velocity upstream were made, the effect on the velocity at 
the throat of the big orifice was 1.6 per cent, for the medium 
orifice it was 0.1 per cent, and for the small orifice it was entirely 
negligible. These conclusions are based on the assumption that 
an error of 50 per cent in the velocity upstream would be shown 
up in the flow through the orifice, but even this assumption is 
unjustified, since an error in the velocity upstream obtained for 
each orifice during calibration would be mainly counterbalanced 
in the use of the orifice during tests on flow measurement. Thus 
the small errors mentioned are considerably larger than any mis- 
takes which would occur in the use of such an instrument, and the 
conclusion that the introduction of an impact tube would lead to 
negligible errors was borne out by the results obtained. 

Now there is no single point upstream which would give the 
proper impact pressure over a wide range of Reynolds’ number, 
particularly if the flow may change from viscous to turbulent, but 
the movement of the position of the impact tube at every reading 
would have introduced many complications and, in view of the 
small errors introduced, as previously mentioned, the distance 
0.15 diam was adopted, as recommended in the Power Test Codes 
Tentative Draft, series 1933, Instruments and Apparatus, part 
2, p. 13, and previously recommended by Sanford A. Moss in 
a verbal communication. 

R. E. Sprenkle has presented a most remarkable verifica- 
tion of the author’s data in his curve, especially as the apparatus 
used and liquid flowing in each case were different. Such close 
agreement is very gratifying. 

Several discussers, including R. J. 8. Pigott and R. B. Smith, 
have asked about the relative roughness of the orifices and ap- 
proach pipes. That question the author cannot answer quanti- 
tatively. All orifices were made of composition metal (a brass) 
and were machined as smoothly as our shops could make them, 
templates being used in turning and polishing. The finish was 
bright and apparently glassy-like in smoothness. The pipes on 
each side of the nozzles were standard iron pipes, of ordinary 
roughness. 

Mr. Pigott’s comments on the dip noticed with the medium 
orifice are interesting, and obviously true; but they do not ex- 
plain fully why this dip was found with only the one orifice. 


used by B. O. 
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Messrs. Folsom and Putnam state that the static-pressure 
connection in the author’s apparatus is at the high-velocity sec- 
tion where burrs would have a maximum effect. The removal of 
burrs formed was not a serious matter, and the data obtained 
would seem to demonstrate that any irregularity left had little 
effect on the coefficients of the orifices. 

The determination of the static pressure at this point has the 
definite advantage that the pressure is obtained under relatively 
stable conditions. A static-pressure connection immediately 
after the orifice, as used by Messrs. Folsom and Putnam, is not 
desirable, as this is the position of unstable turbulence. The 
eddies formed by the fluid immediately after passage through the 
orifice are very troublesome, although it is possible that in the 
extreme corner they would have little effect. The graph shown 
by the discussers has points departing by as much as 3 per cent 
from the mean line drawn, in the region of ordinary operation. 
In many tests this deviation is not allowable. It is true that over 
a range of Reynolds’ number (conduit conditions) of from 1000 
to 30,000, as shown in the discussers’ graph, the coefficient is 
relatively steady, and this has definite advantages if a rough 
automatic measuring device is to be used. Otherwise, however, 
it is not a difficult matter to calculate the Reynolds number and 
pick the coefficient from the proper graph. 


The V-Notch Weir for Hot Water’ 


H. N. Earon.2 This paper illustrates, in an interesting way, 
the fact that frequently, by varying one of the physical quanti- 
ties involved in a physical phenomenon, we can determine what 
would be the effect of varying a different physical quantity which 
is also involved in the phenomenon. In the present instance, 
the effect on the coefficient of the V-notch of varying the head 
acting on the notch is used to show what would be the effect, over 
a limited range of the coefficient curve, of varying the kinematic 
viscosity of the water flowing through the notch. The advan- 
tage of this procedure lies in the fact that it is much more difficult 
to vary the kinematic viscosity of the water than to vary the 
head on the notch, at the same time controlling the conditions 
carefully enough to obtain accurate measurements. This ex- 
pedient has been utilized to advantage in other branches 
of engineering and physics, particularly in aerodynamics, and 
the writer is interested to see an application of it made to hy- 
draulics. 

The process of reasoning by which the author arrives at his 
plot of C against h/v’/ appears to be correct, but the following 
treatment is suggested as a more direct and logical one. 

We start with the customary formula for the V-notch 


Of Cp ae ne erate {1] 


where Q is the volume rate of flow, h is the head on the notch, 
measured above the vertex, and C is the coefficient of discharge 
of the notch. 

We wish to determine how C is affected by the different physi- 
cal and geometrical quantities which are involved in the phe- 
nomenon. 

The following quantities may affect the flow Q, and hence the 
coefficient C: The head h, the acceleration of gravity 9, the den- 
sity of the water p, the viscosity of the water p, the surface ten- 
sion of the water s, the width of the approach channel b, the 
height of the vertex of the notch above the floor of the approach 
channel H, the width of the crest of the notch plate w, the angle 
of the notch a, the factor of a relative roughness k of the upstream 

1 Published as paper RP-56-9, by Ed S. Smith, Jr., in the October, 
1934, issue of the A.S.M.E. Transactions. 


2 Acting Chief, Hydraulic Laboratory Section, National Bureau of 
Standards, Washington, D.C. Mem. A.S.M.E. 
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surface of the notch plate, and to a lesser extent the roughness of 
the walls of the approach channel. 
We can express this dependence as follows: 


fi (Q, h, J, P; By 8, k, Qa, Take b, w) paar (Ea, ear (2] 


where f denotes “function of.” 

From these eleven significant quantities we can form m—7zdimen- 
sionless products, where n is the number of significant quantities 
and 7 is the number of physical dimensions required to express 
these quantities (in this case three—mass, length, and time). 
Hence, eight dimensionless products result, by means of which 
we can express our relationship as follows: 


Q Qp es Tantoah 
2 T/S76/ oe yk, REN ae Dae ee tele ga falta 
f (. /2p°/2” Ry? pgh? ss? hat Cs 3] 


The particular forms of the products we choose depend upon the 
particular relationships we wish to study, and for different pur- 
poses we can express the same relations in many different forms. 
A concrete illustration of this will be given later in this discussion 
in passing from Equation [4] to Equation [5]. 

The first three of the dimensionless products chosen above 
were designed to separate clearly three different effects: 
first, the balance between the inertial and gravitational forces 


expressed by the product oe ; second, the balance between 
v 


inertial and viscous forces, expressed by “ ; and third, the bal- 
be 
ance between surface tension and gravitational forces expressed 
8 
by ems The fourth variable, k, is a dimensionless roughness 
pgn* 


factor, and the last four are purely geometrical factors which 
express the form, but not the size, of the notch and the approach 
channel. 

The first three dimensionless products, because of the particular 
force ratios which they represent, correspond, respectively, to the 
Froude, Reynolds, and Weber numbers. However, the names 
“Froude number” and ‘Reynolds number” should not be ap- 
plied to the first two, because these names are used in a more 
restricted sense to apply, respectively, to the square of a velocity 
divided by a length and the acceleration of gravity, and to the 
product of a length and a velocity divided by a kinematic visco- 
sity. It has been suggested to the writer by Dr. L. B. Tuckerman 
of the National Bureau of Standards that the names “generalized 
Froude number” and “generalized Reynolds number” be applied 
to these two dimensionless products. The name ‘Weber num- 
ber” is usually applied to the dimensionless product vlp/s, which 
represents the balance between inertial and surface-tension forces, 
instead of the form given above. This name has not yet become 
as fixed in its usage as have ‘‘Froude” and “Reynolds” numbers, 
and, since these two forms of the Weber number both take ac- 
count of the effect of surface tension, no distinction will be made 
here. 

The surface tension of the water affects the coefficient curve 
only at very low heads and is probably of no significance over the 
range discussed by the author of the paper. Consequently, the 
dimensionless product s/pgh?, will be omitted from consideration 
in what follows. It is interesting to note that, if surface tension 
can be ignored, the density then appears only in combination 
with the viscosity in the form of the ratio n/p, which we call the 
kinematic viscosity, », and hence, under this condition, the 
density and viscosity need not be included separately in [2] but 
can be replaced by the kinematic viscosity. 

The width of the approach channel and the depth of the floor 
below the vertex of the notch will affect the coefficient at high 
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heads through their effect on the stream lines and on the velocity 
of approach, unless the dimensions of the approach channel are 
sufficiently large. It has been shown experimentally that the 
width of the approach channel does not have any effect on C as 
long as b > 8h. The writer has seen no satisfactory data illus- 
trating the effect of proximity of the floor. Barr gives two curves 
for a 90-deg notch which indicate that, for a head of 3 in., the 
depth H must be greater than 3h and for a head of 4 in. H must 
be greater than 4h. The discussion which follows is applicable 
only to a V-notch for which the width b and the depth H of the 
approach channel are so great that they exert no measurable effect 
on the coefficient even at the highest heads used. This restric- 
tion is justifiable here without further consideration, since it is 
not the purpose of this discussion to set limits to the regions within 
which the effects discussed are appreciable, but to indicate a 
more direct method of reaching the conclusion arrived at by the 
author of the paper. 

In addition to the restrictions which have already been set 
upon the problem, we shall assume that we are dealing with a 
notch having a given angle @ and a given crest width w and that 
the variation in the relative roughness of the notch plate and 
the walls of the approach channel with changes in head can be 
neglected. 

With the restrictions thus established we can simplify Equa- 


tion [3] to 
On -0 \em 
A ery 2) = 0 


However, for our present purposes, another of the infinite 
number of possible combinations of these two dimensionless 


products will be more convenient, and we replace Q/hy by 
1/3 
ce which we do by dividing Q/hv by Q/g'*h'/t and taking the 


v 

two-thirds power of the result. We also introduce the coefficient 
C in the first dimensionless product in [4] by means of [1], and 
{4] now becomes 


With our relation in this last form, we can see, as we cole 
3 

easily see before, that it is legitimate to plot = against 
and if none of the physical quantities which we have neglected 
affects C measurably over the range of our plot, we shall get a 
single curve. Furthermore, as long as the value of g remains 
constant, as it will in the practical use of the notch, we can drop 
it from consideration and can plot C against h/ v/s, as the author 
has done. 

Whether or not all of the physical quantities which have been 
left out of consideration in deriving Equation [4] actually have 
no measurable effect on C over the range of the curve given by 
the author is a question which the writer will not attempt to 
settle, since this was not the purpose of the discussion. 


H. S. Bran.‘ In this paper, Mr. Smith proposes the use of 
certain arbitrary ratios as parameters against which to plot 


3 “Experiments on the Flow of Water Over Triangular Notches,’’ by 
J. Barr, Engineering, London, vol. 89, 1910. See also “Hydraulics 
and Its Applications,” by A. H. Gibson, D. van Nostrand Co., New 
York, N. Y. Third edition, pp. 162 and 163. See also Trans. 
A.S.C.E., vol. 93, 1929, p. 1134, Fig. 60d, where Prof. W. S. Pardoe 
gives a curve which indicates that the width may be as low as 3.4A 
without affecting C. 

4 Physicist, Chief Gas Measuring Instrument Section, National 
Bureau of Standards, Washington, D.C. Mem. A.S.M.E. 


his coefficients for V-notch weirs. Of course, one is at liberty 
to use any such parameter as may suit his pleasure or convenience, 
but in passing them on to others, attention should be called to 
any dependence that such parameters may have upon the system 
of units used. Let us examine the proposed parameters for their 
dependence upon units, referring to the author’s equations as they 
are numbered in this paper. 
The basic flow relation as expressed by Equation [7] is 


Q= Cn'/2 


While expressing an experimental result, this equation is really a 
definition of C. C need not be a constant, and, in the general 
case, will not be constant, but will have a definite and different 
value for every pair of values of Q and h. It is interesting to 
note that in order for Equation [7] to balance dimensionally, C 
must have the dimensions L’/? 7, which are the same as those 
for g~/?. Thus we find that, as here defined, C is not inde- 
pendent of the units used. Since this equation is used as a basis 
for Equations [9] and [10], it follows that they also are dependent 
upon the units used. 

This same conclusion may be obtained directly by noting the 


dimensions of the ratios given by [10]. For example, the dimen- 
if L\ 7 7h 
sions of the first ratio in [10] are “) Le = Lh 
Thus, while there is true correspondence between Equations [8] 
and [10], this correspondence is not general; that is, it depends 
upon the particular units being used. In this connection it is 
well to note that the author expresses density, viscosity, and 
surface tension in egs units, while his weir dimensions, velocity, 
and flow arein English units. Therefore, in making use of any 
of the relations given by the author, we must be careful either to 
use the same combination of units which are given in the paper, 
or to convert the relations to other units which we might prefer 
to use. 


AuTHOR’s CLOSURE 


The discussers of the paper have stressed the fact that the 
operators and coefficients used therein are not dimensionless 
and that both English and cgs units have been used. These 
informalities were deliberately introduced for greater convenience 
in use and, because of the need for brevity, this was done without 
explanation. 

The most important point of Mr. Eaton’s independent, mathe- 
matical analysis is the confirmation of the true correspondence 
between the coefficient C and the operator h/v’/*. Mr. Bean’s 
check of the true correspondence between Equations [8] and 
[10] is appreciated. 

It is regretted that the discussion of the paper included no 
data on triangular weirs using liquids of different viscosities, such 
as are awaited from the University of California project 273 being 
conducted by Mr. Carson under the direction of Prof. M. P. 
O’Brien. 

It should be noted that all the figures in the paper are on 
double-logarithmie paper, even though the ordinates are to a large 
scale in Figs. 1 and 3. This explanation is needed to clarify 
the use of the dot-and-dash line in Fig. 1 as representing the 
exponential Equation [14]. 

An additional reference which should also be given is: “Flow 
of Water Over a V-Notch,”’ by Joseph Tarrant, Trans. A.S.M.E., 
Vol. 50, 1928, paper HYD-50-8, p. 25. 

The author concludes by calling attention to the new and use- 
ful operator h/v’/? as a basis for correlating weir coefficients, not 
only for hot water but also for oils in the ‘‘look boxes” of re- 
fineries. The value of the contribution is entirely from the engi- 
neering, rather than the scientific, viewpoint. 


. 


DISCUSSION 


Fluid-Meter Nozzles’ 


Ronatp B. Smiru.? The problem of establishing reliable 
nozzle coefficients and a standard flow-measuring technique for 
acceptance-test work is of particular concern to the Power Test 
Codes Committee at the present time. In the writer’s opinion 
the shape that is chosen matters but little providing only that 
the nozzle can be easily reproduced and accurately installed. 
The important point is to choose a standard which has been so 
thoroughly verified that its characteristics under all probable test 
installations are accurately established. 

One of the nozzles under consideration as a standard is the 
V.D.I. profile, some of the characteristics of which Mr. Buckland 
compares with the G.E. nozzle. The V.D.I. nozzle is the out- 
growth of the nozzle used for the past 30 years for flow-measure- 
ment work by the I. G. Farbenindustrie. Within recent times it 
has been adopted as standard by the International Standards 
Association and now, as a result, is generally known as the I.S.A. 
nozzle. Since 1928, largely at the request of the V.D.I., several 
thousand laboratory calibrations of the nozzle have been made, 
with the result that its flow coefficients, for pressure drops down 
to the acoustic and for area ratios ranging from zero to 0.6, have 
been established under a wide variety of conditions with an 
accuracy generally within plus or minus 0.5 per cent. The flow 
coefficient of the I.S.A. nozzle is constant over a greater range 
than is usually the case with a full flowing nozzle. For instance, 
in the author’s Fig. 14 it is evident that the I.S.A. nozzle can be 
used to a 50 per cent lower range than the G.K. nozzle before one 
must resort to cut-and-try methods in the calculations. 

By attempting to compensate for the different locations of the 
pressure taps the author concludes that the coefficient of the G. E. 
nozzle is 11/s per cent higher than the I.S.A. This result is 
based on the assumption that a pressure measurement in the 
throat of a nozzle and a pressure measurement in the pipe two 
nozzle diameters downstream are identical, and are equivalent to 
the atmospheric pressure with a freely discharging jet. This 
opinion appears untenable from analysis of the very tests that 
the author quotes to support it, namely, the work of Stach. Ex- 
cept for the smallest nozzle, Stach’s coefficients show less than 
0.3 per cent difference between measurements of the I.S.A. 
nozzle when discharging freely and when operating in a pipe 
with the usual corner taps.* This slight difference can be ex- 
plained by the fact that Stach used pressure-chamber openings 
smaller than standard. Thus, the result of Stach’s work is to 
indicate that the pressure measurement in the downstream corner 
is equivalent to the pressure for discharge into an infinite cham- 
ber. 

If we compare the pipe and throat-tap measurements on a 
Moss-Johnson nozzle as reported by Sprenkle,‘ we must conclude 
that a throat tap reads the pressure about 11/2 per cent high. 

Downstream from the nozzle and along the pipe wall there is a 
pressure fall. It is interesting to note that this distribution, as in 
Fig. 1 of this discussion, on a Moss-Johnson nozzle which is 
practically the same as the G.E. nozzle, is similar to the results 
reported by Witte on the I.8.A. nozzle. For instance, the 
minimum pressure is 1!/, per cent of the differential pressure 
and it occurs (for m = 0.25) about */, diam downstream from the 


1 Published as paper FSP-56-14 by B. O. Buckland, in the Novem- 
ber, 1934, issue of the A.S.M.E. Transactions. 

2 Turbine Engineering Department, Westinghouse Electric and 
Manufacturing Company, South Philadelphia, Pa. Jun. A.S.M.E. 

3 ‘‘Neuere Mengenstrommessung zur Normung von Dusen und 
Blenden,” by R. Witte, Forschung auf dem Gebiete des Ingenieur- 
wesens, September-October, 1934. 

4A System for the Measurement of Steam With Flow Nozzles for 
Turbine Performance Tests,’ by S. A. Moss and W. W.j{Johnson, 
Trans. A.S.M.E., vol. 55, 1933, paper FSP-55-10, p. 145. 
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mouth. Because the same quantitative phenomenon is observed 
with an orifice it seems probable that the distribution is produced 
by viscous effects at the boundary of the jet. 

In combination with Sprenkle’s results, the pressure-distribu- 
tion curve leads one to suspect that throat pressures are 1 per cent 
higher than corner pressures, and that, as a result, if the nozzles 
are compared on this basis, there will be practically no difference 
in their coefficients. That there is no actual difference between 
the two nozzle coefficients when the pressures are measured in the 
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same manner has been proved by Witte.? For instance, using 
corner taps, which includes some impact pressure and there- 
fore accounts for a low coefficient, he measures with an area ratio 
0.25: 


For: theeSvAsmiozzletrascerterietlers cna als oaseevortens 31 = 0.9765 
For the Moss-Johnson nozzle.........02.2:eeeee0> = 0.974 
For the same Moss-Johnson nozzle with throat taps. = 0.991 


Thus the relative magnitudes in the author’s Fig. 14 are mis- 
leading. 

Mr. Buckland suggests that the rapid fall of the coefficients 
of the I.S.A. nozzle below the operating region is the result of 
contact loss in the nozzle. That there is a temporary contact 
loss in an J.S.A. nozzle where the approach radius is tangent to 
the throat is known. Not so well known is the fact that nozzles 
of the G.E. shape also show contact loss at this point. I have 
observed the phenomenon many times on a Moss-Johnson nozzle 
by coating the inner surface with lampblack and kerosene and 
studying the streak lines that are produced by the air. However, 
in neither nozzle is it of serious importance nor would it be termed 
a vena contracta, since contact is reestablished within 1/, in. 
downstream. The peculiar slope of Mr. Buckland’s coefficients 
in Fig. 8 of his paper between Reynolds’ numbers of 104 and 4 X 
10° may be the result of this phenomenon. 


R. E. Sprenxue.' Mr. Buckland’s paper will be of material 
assistance in familiarizing engineers with the fact that the Ameri- 


5 Bailey Meter Company, Cleveland, Ohio. Assoc-Mem.A.S8.M.E, 
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ean style of flow nozzle is a real precision instrument and that its 
accuracy and reliability well merit its use as a standard of 
measurement. 

Our experience in building and using several thousand flow 
nozzles of all sizes and for all kinds of flow-metering service, 
has shown that the use of pipe-line connections at both the 
nozzle inlet and outlet, as shown in Fig. 13 of the paper, is the 
simplest and most dependable method of measuring the pressure 
differential across the nozzle. This experience covers a span of 
nearly twenty years during which many weighed-water or other 
tests have proved the adequacy of the commercial nozzle of this 
design as a means for measuring water, steam, air, gas, and other 
flow rates. 

Pipe taps into the wall back of the nozzle throat instead of into 
the throat itself, possess some real advantages. First, this loca- 
tion is in a protected zone out of the path or contact with the 
stream lines of the flowing fluid, and thus not susceptible to 
errors in statie-pressure measurement due to small localized 
eddies, whirls, or other disturbances such as may, and often do, 
exist along the throat surface. Moreover, being in a zone 
where velocities are comparatively low, there is even less chance 
of this pressure measurement being in error. 
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From the standpoint of physical application, the nozzle with 
the outlet connection made back of, instead of into, the throat, 
allows the use of a much thinner flange, with a consequent 
reduction in pipe spread to provide for its insertion between 
existing flanges. The nozzle proper is easier to build because of 
the omission of the piezometer chamber and internal connection 
passages which are required to provide for throat taps. 

One of the outstanding advantages of the nozzle, shown in 
the author’s Fig. 13, is that extreme care does not need to be 
taken in drilling the outlet connection into the pipe wall. True, 
this must be done in the field, as Mr. Buckland states, but due to 
its protected location, it is much less difficult to make than the 
inlet pipe connection which is used by both nozzle types. 

The throat tap connection is admittedly difficult to make unless 
all possible precautions are taken. This point is brought out not 
only by Mr. Buckland himself, but also in the discussion of the 
Moss-Johnson paper in 1932 by the present writer, in which 
comparative tests made with both throat and pipe taps in a 
special nozzle in the Bailey Meter Company laboratory were 
described in detail. In that discussion, we demonstrated the 
difficulty, in fact, almost impossibility, of getting the separate 
throat-tap pressure readings to check each other, as compared 
with the ease of obtaining a very satisfactory agreement be- 
tween the different outlet pipe tap readings. The elimination 
of this job of making satisfactory throat connections more than 
compensates for the labor of providing for this connection in the 
field» + 
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While the pipe tap back of the throat cannot be calibrated 
as an integral part of the nozzle itself, neither can the inlet- 
pipe connection which is used with both types of nozzles. And 
of the two, the inlet connection is the more susceptible to changes 
in the flow state, being immediately adjacent to the path of 
the stream lines. As such, it is the most important connec- 
tion to be included in any integral nozzle-assembly calibration. 
The truly correct and proper method is to calibrate the nozzle 
with the section of pipe in which it is to be used, and thus both 
pressure connections are included in the assembly and all possible 
installation vagaries eliminated. A typical nozzle pipe section 
with pressure connections and nozzle properly located, is shown 
in Fig. 2 of this discussion. 

The first reason given for the use of the throat instead of the 
pipe-line connections, was that the lack of geometrical similarity 
of the external shape of the nozzle used might produce erroneous 
results were pipe taps used. We would point out that even along 
the internal surfaces over which the fluid passed, complete geo- 
metrical similarity did not exist. True, the test nozzles were in 
themselves, geometrically similar in form, but when installed 
in the pipe lines, the assemblies with the pipe were not geo- 
metrically similar by widely varying amounts. To attain com- 
plete similarity, the curvature must begin at the same relative 
point with reference to the inside pipe wall on each nozzle. 
In all but one of the G.E. nozzles, the distance of the junction 
of the curvature with the straight flange section as measured 
from the inside of the pipe wall, varied from 4 per cent to 27 per 
cent of pipe diameter, and in this one case, this point was actually 
up in the holding flange by an amount equal approximately to 5 
per cent of the pipe diameter. Since the flow must pass over 
these surfaces, this lack of similarity is likely to produce a 
larger spread between coefficients of different nozzles of various 
sizes than would have resulted from pipe-tap measurements 
made in a region where this lack of similarity was relatively un- 
important. 

That there can be no complete geometrical similarity between 
nozzles of different diameter ratios, is quite apparent but never- 
theless not always fully understood. In fact, only when nozzles 
of the same diameter ratio are used in differeat sizes of pipes can 
such similarity be obtained, and even then the relative pipe rough- 
ness may not be quite the same. Since various diameter-ratio 
sizes must be used for practical metering, it is useless to expect 
complete agreement of calibration data on a similarity basis. 

An improvement can be made, in the attaining of better simi- 
larity between different diameter-ratio sizes, by always placing 
the beginning of the curvature at the surface of the internal pipe 
wall and then so shape the curvature to the one-quarter ellipse by 
making the minor axis equal to (D — d)/2 instead of 5/8 d. With 
increasing diameter ratios, this ellipse becomes flatter but there 
are no humps or irregular surfaces over which the fluid must 
flow and thus no marked or sudden deviations from the natural 
flow path. 

A comparison of calibration data from nozzles of the shape 
just described, using pipe taps, with the General Electric nozzles 
would be of interest. In Fig. 11, Mr. Buckland shows such a 
comparison between the data trom a 12-in. X 7.554-in. Bailey 
Meter Company nozzle, and the average G.E. curve. The 
agreement of one with the other, is about as perfect as can be 
expected. However, the range of Reynolds’ number used with 
the 12-in. nozzle was rather small; so to extend the curve to 
lower limits, a 3-in. pipe size, 60 per cent diameter-ratio nozzle 
was recently calibrated in our laboratory in Cleveland. 

The calibration data obtained from a Bailey Meter Company 
3.06-in. X 1.836-in. nozzle is shown in Fig. 3 of this discussion, 
as well as that from the 12-in. X 7.554-in. nozzle. In passing, 
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it should be noted that the 3-in. nozzle was made of highly 
polished brass and calibrated in smooth brass tubing, using 
water flow while the 12-in. nozzle was made of steel and cali- 
brated in a commercial steel tubing, also using water as the 
flowing fluid. As will be noted, these two nozzles, checked each 
other almost perfectly through a range of Reynolds’ number 
from 500,000 to the highest point calibrated and deviated from 
each other at the most about 1/4 per cent at a Reynolds num- 
ber of 300,000 or the lowest point tested on the 12-ia. nozzle. 

In Fig. 3 of this discussion, we have also shown by the broken 
line, the average calibration curve from Mr. Buckland’s Fig. 8, 
as a comparison with calibrations of two Bailey Meter Company 
nozzles. Despite the higher diameter ratio, and the fact that 
both the Bailey nozzles shown used pipe-line pressure connections 
back of the nozzle throat instead of into the throat, and further, 
that the internal contour of the nozzle shape was not precisely 
the same, the General Electric type and the Bailey type checked 
each other from 0.1 per cent to 0.3 per cent over a working range 
of Reynolds’ number of from 100,000 to 1,500,000, or the highest 
tested point. Whether or not the increased deviation at lower 
values of Reynolds’ number is due to the difference between the 
location of the outlet pressure connections, to the small difference 
in the shape, or to experimental errors, is a question we cannot 
adequately answer at this time. 

It is sufficient to add that through the useful range of Reynolds’ 
number, or from 100,000 up, and with nozzles of diameter ratios 
not materially exceeding 60 per cent, either of the two types of 
American nozzles can be used for the purposes outlined in this 
paper with an accuracy that is certainly well within plus or minus 
1 per cent, and with actual calibration within plus or minus 
1/. per cent, provided proper precautions are taken both as to 
obtaining undisturbed flow through the nozzle, and in the design, 
construction, and installation of the nozzle assembly itself. 


R. J. S. Piaorr.’ In examining Mr. Buckland’s paper, one 
notes a tendency to call various nozzles, or orifices, geometrically 
similar, when as a matter of fact, they are not. It is not enough 
to use nozzles that are similar in contour because, for rigorous 
comparisons, it.is necessary also to have similarity in pressure 
taps, polish of nozzle, upstream pipe, and orifice ratio. This 
complete condition has practically never been observed in tests 
as yet, and until it is, we shall not be able to get the full value of 
Reynolds’ criterion comparisons. Seatter of points is much 
wider than can be assigned correctly to experimental errors, 


6 Staff Engineer, Charge of Engineering, Gulf Research & Develop- 
ment Corp., Pittsburgh, Pa. Mem. A.S.M.E. 
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or to any departures from the “single line” theory; and the whole 
situation for studying the proper relations is somewhat confused. 

The long series of experiments on orifices conducted by the 
joint A.G.A.-A.S.M.E. meter committee shows that the upstream 
roughness, orifice ratio, and tap location have very noticeable 
effects upon coefficient, quite in line with theory. While some 
advance the thought that pipe roughness has no effect on a 
nozzle, theory clearly indicates there ought to be some effect. 
If this thought were correct, neither the sharp-edged orifice nor 
the venturi should show roughness effect; but we know that they 
do show such differences. 

Mr. Buckland has recognized this point in his Fig. 9 wherein 
the curves better approach full similarity, by eliminating orifice- 
ratio effects; pipe and nozzle relative roughness remaining the 
same. 

The writer has been working for some time on a method of 
predicting coefficients, and finds that there is a definite relation 
between the ratio of “surface area” washed by the fluid between 
taps, to the area of throat, and the coefficient at any Reynolds 
number. The relative loss, or (1 — C), is directly related to the 
pipe flow friction. The writer has for some time used the co- 
ordinates (1 — C) vs. dvp/u on double-log paper. Mr. Ed Smith 
has also used the same type of coordinates. It gives some very 
very valuable analytical indications which the semi-log graph of 
C vs. dvp/is incapable of showing. 

One other point in nozzle testing has not been given sufficient 
attention. On a curve showing throat Reynolds’ number, we 
would expect complete viscous flow below R = 1200. But above 
that point, the nozzle is in mixed flow until the upstream section 
also is fully turbulent. With an orifice ratio of 0.50, the mini- 
mum value of throat R for complete turbulence is 2500, and 
higher for smaller ratios. In addition, there is apparently a 
stronger tendency for a convergent nozzle to stay in the viscous 
region at higher values than in parallel sided pipe. As a 
consequence, many nozzles tested by Mr. Buckland and others 
cannot be safely considered in fully turbulent flow until values 
of possibly R = 30,000 to 40,000 have been passed. There 
is, therefore, a considerable range in which the flow is some- 
what unstable, and the scatter of test points will usually be a 
little wider. 

With regard to a supposed critical Reynolds’ number at which 
the coefficient becomes constant, the writer is inclined to doubt 
any such value of & as 10°. In pipe flow, such flattening does 
not take place until R = 2 X 10° to 4 X 10°. What appears 
to be a flat coefficient is merely due to rate of change much 
smaller than the test accuracy can show. A logarithmic graph 
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of (1 — C) shows this condition very plainly. A sloping line at 
11 deg or 12 deg, corresponding to the smooth-pipe conditions, 
will fit this cloud of points quite as well as a horizontal line. In 
this region, a precision of plus or minus 0.5 per cent in the tests 
means a variation of 40 to 80 per cent of (1 —C). Itis, of course, 
futile at present to attempt to prove this point, until still better 
test accuracy can be attained. 

The A.S.M.E. Special Research Committee is undertaking an 
extensive program of investigation on this subject, with the 
original intention of comparing the proposed I.8.A. or Witte 
nozzle, with the type discussed in Mr. Buckland’s paper. In 
order to determine more closely those factors not too clearly 
defined at present, such as roughness and diameter-ratio effects, 
the program will cover full-range tests on a preferred-number 
series of both sizes and ratios, with geometric similarity as fully 
developed as possible. Tests will be made in full with water, 
but duplicated so far as necessary with steam and air. Funds 
for this work are to be collected, as is usual in A.S.M.E. research 
undertakings, from interested industries. 


W.S.Cooprr.? The writer believes that Mr. Buckland should 
have given more data on the performance of these nozzles in 
actual field tests. High order of accuracy in measuring flow- 
rates is demanded on acceptance tests by builders and purchasers 
of turbine and boiler-room equipment, and direct measurement 
(by weighing) of condensate and feed-water flow rates has hereto- 
fore been considered the only reliable means. After all, the field 
of application of the nozzle will lie in the replacement of the more 
expensive direct-weighing method, and it is under such circum- 
stances that a knowledge of the nozzle’s performance characteris- 
ties is desired. 

There is doubt in the writer’s mind as to whether such ac- 
curacy as claimed by the author with laboratory tests could be 
obtained with the piping situation usually encountered in the 
average power plant. Furthermore, liquid flow in most power- 
plant piping is of a pulsating nature since the fluids are handled 
either by centrifugal or by reciprocating pumps. Pulsation was 
probably entirely absent or eliminated in the laboratory tests 
where the fluid was probably supplied by standpipes. 

The writer had occasion recently to conduct field tests on one 
of the General Electric Company’s nozzles described by the 
author. This nozzle was the one with proportions shown in the 
seventh line of Table 1 in Mr. Buckland’s paper, namely, the 
12.01-in. X 5.016-in. nozzle. The laboratory test results re- 
ported by the author for this nozzle are shown in his Fig. 8, the 
plotted points appearing as plus signs. The writer’s tests were 
conducted in conjunction with two condenser acceptance tests 
where the main condensate was weighed with an accuracy within 
0.1 per cent on carefully calibrated scales. 

The nozzle was inserted in series with the 12-in. main conden- 
sate test header which delivered the condensate from the con- 
denser under test to the weighing tanks. With respect to the 
piping, the nozzle was located in as favorable a situation as will 
be found in the field. The nozzle was inserted at a point corre- 
sponding to about 110 ft of approach piping (which would tend to 
minimize pulsation) and the nozzle itself was preceded by 14 ft of 
straight piping of uniform size. The downstream side of the 
nozzle consisted of 71/, ft before the first obstruction was reached. 

The pressure differential across the nozzle was read from two 
mercurial single-column cistern-type manometers. Both manome- 
ters were connected to the same upstream static-pressure tap 
located in a horizontal plane 12 in. before the entrance edge of the 
nozzle. ‘The low-pressure side of one manometer was connected 
through an internal port to the piezometer ring in the throat of 


7 Regearch Bureau, Brooklyn Edison Company, Brooklyn, N. Y- 
Assoc-Mem. A.S.M.E. 
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the nozzle, while the low-pressure side of the other manometer 
was connected to a downstream static tap in the pipe at a trans- 
verse plane passing through the discharge end of the nozzle. This 
double arrangement was furnished to provide check readings of 
the nozzle differential. Each manometer was read by a separate 
observer. It was found that there was practically no difference 
between the two sets of readings. 

The results of the writer’s test are shown in Fig. 4 of this dis- 
cussion. The horizontal line at C = 0.994 is that portion of the 
author’s blanket curve from his Fig. 8 that applies to the range 
of Reynolds’ number used by the writer. The plotted points 
indicate the spread of the nozzle coefficient, C, as determined 
under field conditions. The estimated maximum error on this 
field test is about 2.4 per cent and the estimated probable error is 
0.5 per cent. It should be noted, however, that these field results 
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were obtained under unusually favorable circumstances. It is 
probably true that in the average run of cases where the nozzle 
could be used, results would not be so reliable as in this case. 


Sanrorp A. Moss® and W. W. Jounson.? There are of course 
a good many ways in which flow may be measured with laboratory 
precision, and the paper by Mr. Buckland is a good example of 
one of them. It is to be noted that the work was carried out 
with great care and with a test set-up especially made for the flow 
measurement, and with all details arranged so that certainty of 
accuracy was the primary consideration. This puts the work in a 
wholly different territory from flow measurement made by the 
usual commercial flow meter which must be suitable for per- 
manent, simple installation and maintenance in a commercial 
pipe line with a small pressure drop, and with an instrument 
which gives direct reading of flow. None of these considerations 
can be allowed to influence the precise flow measurement with 
certainty of accuracy, which is the author’s purpose. 

Of course, future research may show that some of the details 
used by the author’might be altered to give as nearly as possible, 


8 Research” Engineer, General Electric Company, West Lynn, 
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measurements corresponding to theoretical flow. Jor instance, it 
might be that the throat taps should have a longer parallel por- 
tion, such as is shown in the author’s Fig. 4 or Fig. 12. However, 
the close agreement of the author’s points shows that his throat- 
tap measurements must be very good. His Fig. 9 shows a very 
close agreement between flow coefficients for different values of m, 
the ratio of nozzle to pipe area. This seems to indicate that the 
theoretical allowance for velocity of approach takes full account 
of the effect of pipe diameter, with the possible exception of the 
1/; per cent mentioned which is much less than the errors of ob- 
servation. The spread of the curves in Fig. 11 of Mr. Buckland’s 
paper is evidence in the discussion as to whether or not Reynolds’ 
number is a proper criterion for abscissas for flow coefficients for 
different conditions, as was discussed in the Moss-Johnson paper 
referred to by the author. We thought that our tests with 
different temperatures and pressures of steam were brought to- 
gether better by using differential pressure divided by absolute 
initial pressure as abscissas, and it has also been proposed to use 
head as abscissas. The droop of the Moss-Johnson curve, No. 1 
in Fig. 11, may be due to some such considerations. It must, 
of course, be admitted that it may also be due to observational 
irregularities because of the very small flow and small differential 
pressures at the beginning of the curve. Some of the data given 
in the Moss-Johnson paper seem to indicate that there was a 
definite difference in the coefficient with throat taps and with 
pipe taps, such as for the author’s Fig. 13 and that with pipe 
taps the discharge coefficients are lower. This being the case, 
the flow coefficients for Fig. 13 seem very high. 


E. D. Dicxryson.!° Mr. Buckland’s paper is a confirmation 
of the principles behind the growing opinion that precise measure- 
ments of fluids can be obtained by the use of properly propor- 
tioned nozzles. The proportions of the nozzle itself constitute 
but one factor contributing to the accuracy of the results. It is 
essential that certain precautions be taken. When these pre- 
cautions are taken, tests can be reproduced with absolute fidelity 
and the results can be depended upon to be as accurate as 
laboratory tests. 

I do not hold a brief for any particular method of measuring 
flow by nozzles. However, I have relied upon the flow nozzle for 
obtaining accurate measurements of steam flow for a period of 
years and the results have confirmed my contention that precise 
measurements of flow can be obtained with greater reliability and 
at less cost by the use of a nozzle similar to that described by 
Mr. Buckland than by any other recognized method. We have 
run a great many tests, both of research nature and on commercial 
machines, where precise results were obtained and valuable 
information secured that could not have been possible had we not 
had at our disposal a calibrated flow nozzle similar to Mr. B. O. 
Buckland’s and as described by Dr. S. A. Moss and Mr. 
W. W. Johnson in their paper‘ presented at the A.S.M.E. Annual 
Meeting in December, 1932. 


AvuTHoR’s CLOSURE 


Ronald B. Smith states that Stach’s tests (on the coefficients 
of the V.D.I. Normdiise discharging into the atmosphere) show 
Jess than 0.3 per cent difference between measurements of the 
L.S.A. nozzle when discharging freely and when operating in a 
pipe with the usual corner taps. He summarizes the situation 
by saying that the result of Stach’s work is to indicate that the 
pressure measurement in the downstream corner is equivalent to 
the pressure for discharge into an infinite chamber. 

I cannot agree with Mr. Smith’s interpretation of Stach’s data. 
‘The data show clearly that the coefficient of the Normdiise is the 


10 Designing Engineer, Turbine Engineering Department, General 
Electric Company, West Lynn, Mass. Mem. A.8.M.E. 


255 


same when discharging into the atmosphere as it is when installed 
in a pipe when the downstream pressure is measured at the 
point of minimum pressure on the pipe wall. In order to clear up 
this point I shall reproduce Stach’s calibration results together 
with Witte’s measurements of pressure difference between the 
point of minimum pressure on the pipe wall and the downstream 
corner tap. Table 1 of this discussion shows flow coefficients and 
pressure differences taken from the papers by Witte and Stach. 


TABLE 1 FLOW COEFFICIENTS AND PRESSURE DIFFERENCES 
ON THE V.D.I. NOZZLE AS GIVEN BY WITTE AND STACH 
Press 
diff. A aa an = 
m (Witte) a (Stach) a— A/2 
0.10 0.010 0.989 0.984 0.984 
0.20 0.016 0.999 0.993 0.991 
0.30 0.020 1.016 1.010 1.006 
0.40 0.023 1.045 1.036 1.034 
0.50 0.026 1.096 1.078 1.083 


mis the ratio of nozzle area to pipe area. 

A is the difference between the downstream corner-tap pressure and the 
minimum pressure on the pipe wall expressed as a fraction of the 
difference between the up- and downstream corner-tap pressures. 

a is the flow coefficient of the Normdiise in a pipe, using corner taps. 

aa_ is the flow coefficient when discharging into atmosphere, using upstream 

corner tap and the atmosphere. 

is the flow coefficient using the upstream corner tap and the minimum 

pressure on the pipe wall. It is obtained by subtracting A/2 from a, 

since the fraction A is nearly twice as large as the difference produced 

in the coefficient by using the minimum pressure on the pipe wall 
instead of the corner-tap pressure. 


A comparison of a, and a,, shows them to be about equal, 
much more closely so than are a and a,. I, therefore, conclude 
that the coefficient of the Normdiise is the same when discharg- 
ing into the atmosphere as it is when installed in a pipe with the 
downstream pressure measured at the point of minimum 
pressure on the pipe wall. 

Mr. Smith states that the relative magnitudes in Fig. 14 of the 
paper are misleading. As defined in the paper this figure is a 
comparison of the coefficient curve of the G. E. nozzle with 
the coefficient curve of the V.D.I. Normdiise. The V.D.I. 
nozzle coefficients have been corrected to what they would be if 
the upstream pressure had been measured one pipe diameter up- 
stream from the nozzle face and the downstream pressure at the 
point of minimum pressure on the pipe wall. As Mr. Smith 
points out, Witte!! compared the two nozzles by calibrating them 
both with corner pressure taps. Witte finds that under these 
conditions the coefficient of the G. E. nozzle is !/; per cent lower 
than that of the V.D.I. nozzles. It is true, that in thelight of these 
recent tests by Witte, Fig. 14 of the paper shows too large a 
difference between the two coefficients in the range where the 
coefficients are independent of Reynolds’ number. It is also 
true that in accordance with the Bureau of Standards tests the 
magnitude of this difference shown in Fig. 14 is correct. However, 
whatever the correct relation between the coefficients may be in 
the range where they are independent of Reynolds’ number, the 
same variation of the coefficients with Reynolds’ number is given 
by Witte as is shown in Fig. 14. The coefficient of the V.D.I. 
nozzle rises much more abruptly with increasing Reynolds’ 
number than that of the G.E. nozzles between Reynolds’ numbers 
of 104 and 105. 

It should be of interest to note in this connection that the usual 
conditions met in testing a 10,000-kw turbine will require the use 
of a flow nozzle about 11/, in. in diameter in a 4 in. pipe, and the 
operation of the nozzle in a range of Reynolds’ numbers from 104 
to 10%. This is very close to m = 0.09 and right in the range of the 
rapid rise of coefficient of the Normdiise. With Reynolds’ 
numbers higher than this range, the Normdiise is as useful for 
flow measurements as any other carefully calibrated device but 


11 ‘“‘Neuere Mengenstrommessungen zur Normung von Diisen und 
Blenden,” by R. Witte, Forschung auf dem Gebiete des Ingenieurwesens, 
September-October, 1934. 
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at this point of rapid rise in coefficient I would rather use a 
different nozzle. 

IT want to thank Mr. Smith for his data on the pressure distribu- 
tion along the pipe wall on the Moss-Johnson nozzle. 

I would like to thank Mr. Sprenkle for his data on the 3 X 
1.8-in. nozzle. It would be interesting to have the dimensions 
showing the location of Mr. Sprenkle’s pressure taps so that his 
data could be more readily compared with other available data. 

I want to thank Mr. Pigott for his suggestion regarding a 
method of plotting flow coefficients. 

In answer to Mr. Cooper’s question regarding the use of the 
nozzles in the field, I have made seven turbine-performance 
tests in which the flow was measured only by means of flow 
nozzles. In these tests none of the Btu-rate or water-rate 
points scattered from an average curve more than = 1/2 per cent. 
Each of these tests consists of approximately 15 or more points. 
These results obtained by the use of flow nozzles are much more 
satisfactory than the example shown by Mr. Cooper. 

In the case he cites (The performance tests of the turbine units 
Nos. 7 and 8 of the Brooklyn Edison Company at Hudson 
Avenue), the main object was the measurement of the 
turbine and condenser performance by means of weigh tanks. 
The flow nozzle was a secondary consideration and was, there- 
fore, neglected. It was not until the tests of the second unit that 
readings on the manometer were taken often enough. The points 
of the test on the second unit (No. 8) are in my opinion the only 
acceptable ones. In fact I would rather use only the last 6 of 
these. During these last 6 points the manometers were read 
every 1/. min. If Mr. Cooper will consider only the points 
taken on the second unit (No. 8) the results will check our 
calibration curve much closer. These points are given in Table 2 
of this discussion. 


TABLE 2 FLOW COEFFICIENTS OF 12 IN. X 5 IN. NOZZLE AS 
DETERMINED BY WEIGH TANKS DURING A TURBINE TEST 
Coefficient 
Logio of io) 
Reynolds’ discharge, 
number Gc 
6.125 0.991 
6.145 0.995 
5.931 0.999 
6.056 0.998 
6.041 0.986 
6.261 0.997 
6.286 1.002 
6.441 1.001 
6.405 1.001 
6.124 1.000 
6.145 0.997 


TABLE 3 CALIBRATION RESULTS OF A 2.8812-IN. X 
FLOW NOZZLE (WATER TEMPERATURE, 69 F) 


(Data by Prof. W. S. Pardoe) 


5.762-IN. 


Coefficient Reynolds’ number 
0.9540 31310 
0.9665 42490 
0.9745 67090 
0.9785 89450 
0.9785 109580 
0.9868 153190 
0.9869 183380 
0.9900 216920 
0.9905 249230 
0.9920 248230 
0.9930 284010 
0.9920 323150 
0.9910 355570 
0.9920 391350 
0.9945 485280 
0.9950 588150 
0 9950 686540 
0.9950 726800 
0.9945 907940 
0.9955 590300 


In the use of flow nozzles for precise testing it is absolutely 
essential that the fluctuations in flow be slow enough for the 
manometer to follow the pressure changes and also for the 
observers to follow the manometer. I have not yet found a plant 
where these conditions could not be satisfied by some extra ma- 
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nipulation, as for example, either operating the pumps at different 
suction levels or using hand control of the flow. 

It is true that, with respect to the location, the installation of 
the nozzle during the tests referred to by Mr. Cooper was en- 
tirely satisfactory but the conditions of flow during these tests 
were not. The flow fluctuated rather widely and rapidly. 

Dr. Moss will be interested in the calibration results given 
in Table 3 on a new nozzle in which the pressure taps are brought 
straight out from the throat. 

Mr. Dickinson’s statement that the fluid nozzle is a practical 
device for testing turbines confirms my own experience. 

Since writing this paper, I have obtained a calibration on a 
2.8812-in. X 5.762-in. nozzle. This nozzle was welded into a 
9-ft length of seamless steel tubing. It was made with four 
separate throat taps and a flat exit face very much like the 
nozzle shown in Fig. 12 of the paper. The nozzle and the tube 
were calibrated together. Table 3 gives the results of the cali- 
bration. 


Flow Distribution in Forced-Cir- 
culation Once-Through Steam 
Generators’ 


H. J. Kerr.2 The authors’ paper confirms and extends the 
information presented by the writer in his paper,’ ‘““Once-Through 
Series Boiler for 1500 to 5000 Lb Pressure,” in which the effect 
of inlet feedwater and outlet steam temperature on the insta- 
bility of circuits was shown in diagrams. The value of resis- 
tances in stabilizing the flow and to compensate for unequal heat 
absorption in the different circuits was pointed out. ; 

With reference to the authors’ paper, the freedom from de- 
posits in the test apparatus above 2500 Ib pressure, irrespective 
of steam temperature, is worthy of note. Does this mean that 
above this pressure, steam to turbines will not need to show a 
purity represented by a resistance of 1,000,000 ohms to permit of 
continuous operation? 

In determining the friction factor for a given Reynolds’ num- 
ber, the authors have used a straight-line projection on logarith- 
mic coordinates of the known viscosity values of water up to 320 
F. Probably this is a fair approximation though it does not. 
agree, above 500 F, with Hevesy’s values as given in Landolt and 
Bornstein tables. There may be some question as to the special 
point shown in Fig. 4 of the paper being discussed, checking in 
the case of steam as it apparently does with water. 

Dealing with the question of stability in the boiler proper, the 
authors, in Fig. 8, show the effect of inlet-water temperature. 
These curves can be considered as a magnification of a small 
section of the curves in Fig. 7 of the writer’s paper® previously 
referred to. I believe it would be clearer if the curves were 
extended over a greater temperature range, thus showing the 
reversal of direction which takes place, as it is, of course, impos- 
sible for the 200-F water curve to continue indefinitely in the 
direction shown, although it will continue in this direction until 
the tube is burned. 

Fig. 9 of the paper under discussion shows the value of re- 
sistances in stabilizing flow. I have found, however, after talk- 
ing to several engineers, that the significance of the dropping 
pressure with increasing enthalpy is not well understood. Per- 


1 Published as paper FSP-56-16 by H. L. Solberg, G. A. Hawkins, 
and A. A. Potter, in the November, 1934, issue of the A.S.M.E. 
Transactions. 

2 Babcock & Wilcox Company, New York, N.Y. Mem. A.S.M.E. 

3 “‘Once-Through Series Boiler for 1500 to 5000 Lb Pressure,”’ by 
H. J. Kerr, Trans. A.S.M.E., vol. 54, 1932, paper RP-54-1a. 


‘results which are presented in the paper. 
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haps the authors would be willing to explain this further in their 
closure. 

Referring again to the authors’ paper, Figs. 11 and 12 show 
quite clearly the effect of equalizers on stability in various 
locations. In this connection, Fig. 12, circuit C, shows the 
effect of unequal heat application to any superheater. This 
figure indicates that a change in heat application, to different 
circuits, of the order of plus or minus 5 per cent from the average, 
produces a change in enthalpy in the leaving steam of some 40 
Btu or a change in temperature of some 70 deg. This condi- 
tion prevails with any superheater and necessitates careful design 
of the unit to prevent this variation from reaching serious propor- 
tions. Fig. 14 shows clearly that properly designed series-type 
boilers do not need to be operated at the critical pressure. 

In general, the authors’ conclusions cannot be disputed, 
provided that in (1) a limit is placed on inlet feedwater and out- 
let steam temperature; in (2) the added work on the feed pump 
due to resistance will not be serious in a properly designed boiler; 
in (3) and (5) the tubes are horizontal or proceed upward. Per- 
haps (4) should read more definitely, “Economizer and super- 
heater circuits are definitely stable.” 

I agree with the authors that a unit designed with a separator 
drum at the end of the evaporating zone simplifies the problem 
of once-through series boilers. This type can be considered as the 
end point of the steaming-economizer units, many of which are 
now inservice. We have built and operated such units to the end 
point. 

There are, however, certain advantages in the straight- 
through unit without drums for high pressures. The problems 
involved are stabilization of flow, feedwater, and control. 


R. C. H. Hecx.! The authors have shown excellent judgment 
in places where a choice of procedure had to be made, as in propor- 
tioning between liquid and vapor for the mixed current, Fig. 6. 
It is interesting, as well as technically valuable, to have a theoreti- 
eal discussion give so clear and consistent a reason for instability 
already observed in the vaporizing section of the fluid path. 

The following questions concerning the flow of liquid water 
came up while reading the paper: (1) What is the length of the 
tube section used for the experimental determination of Table 1? 
(2) Does the survey of data on the viscosity of water up to 320 F 
agree in results with the tabulation in International Critical 
Tables, converted to fahrenheit base by McAdams in his Heat 
Transmission? (3) May we have a formula or plot of the extra- 
polation beyond 320 F? 


AurHors’ CLOSURE 


Referring to the questions raised by Professor Heck, the di- 
mensions of the test section which was used for measuring fric- 
tion factors are shown in Figs. 1 and 2, of the paper. The dis- 
tance between piezometer connections is four feet. 

The data on the viscosity of water at temperatures up to 320 
F, as given in the International Critical Tables, have been con- 
verted to fahrenheit base by McAdams in his book, “Heat Trans- 
mission,’ and these were used by the authors in calculating the 
The data are plotted 
in the accompanying Fig. 1 as a solid line with the extrapolated 
curve indicated as a dotted line. 

Mr. Kerr refers to the data on the viscosity of water by G. von 
Hevesy (‘Die Beweglichkeit der Ionen, die dem Lésungsmittel 
Eigen Sind,” published in Zeitschrift fuir Electrochemie, Vol. 27, 
January, 1921). Hevesy states definitely that the values for 
the viscosity of water were determined experimentally at a maxi- 


4 Professor of Mechanical Engineering, Rutgers University, New 
Brunswick, N. J. Mem. A.S.M.E. 
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mum temperature of 156 C and that values for the higher tem- 
peratures were calculated on the assumption that there is a rela- 
tionship between viscosity and electrical conductivity. EExperi- 
ments have failed to establish the validity of this assumption 
and his data are not given in the International Critical Tables. 

Mr. Kerr suggests that the author’s Fig. 8 should be extended 
to higher temperatures. The maximum ordinate of these curves 
is 1000 F which is the upper limit of the Keenan steam tables. 
Extension of these curves to higher temperatures would involve 
either direct extrapolation of the curves or extrapolation of the 
steam-table data. The authors prefer to confine their calcula- 
tions and curves to the range of the steam tables. 

Mr. Kerr suggests that the significance of the decreasing pres- 
sure drop with increasing enthalpy, as shown in Fig. 9, should be 
explained in more detail. These curves were calculated by as- 
suming 400 F feedwater, 2500 lb per sq in. outlet pressure and 
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constant heat input. Pressure drops were calculated for flow 
rates sufficient to give final steam temperatures of 670 to 1000 F. 
The left curve which is nearly vertical, indicates that high flow 
rates, resulting in low final steam temperatures, will produce 
practically the same pressure drop as low flow rates and high final 
steam temperatures. In other words, several parallel circuits 
which have equal pressure drops and equal heat absorption may 
deliver steam at widely different flow rates and final steam tem- 
peratures. Such circuits are unstable and overheated tubes may 
be expected. The addition of an inlet resistance which is sup- 
plied with water at a constant temperature and therefore has a 
pressure drop which is approximately proportional to the square 
of the flow rate, has a stabilizing effect on circuits in which the 
pressure drop is nearly independent of flow. The pressure drop 
through the combined circuit varies as some power of the flow 
rate which approaches two as the value of the inlet resistance is 
increased, as shown in Fig. 9. The farther these curves depart 
from the vertical, the greater will be the change in pressure drop 
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required to alter the flow and the final steam temperature, and 
the greater will be the stability of the circuit. 

It is a source of gratification to the authors that their conclu- 
sions are substantiated by the extensive experience of Mr. Kerr. 


Current Practice in Surface 
Broaching' 


Mritarp Romarne.? In view of the advantages of surface 
broaching as shown by the examples brought out in Mr. Gesche- 
lin’s paper a question naturally arises as to why this method has 
not been more universally used. Before attempting to answer 
that question it might be well to analyze the various advantages 
of surface broaching. 

The most important advantage is the extreme rapidity of the 
operation, as compared with other methods, resulting in lower 
labor cost, ete. The very low time per piece usually obtainable 
by surface broaching is traceable to two main reasons. 

The first of these is that a work piece can usually be chucked 
more quickly for broaching than it can be chucked for milling. 
This is due to the fact that the forces set up by broaching are in 
two very definite directions, one in line with and one normal to 
the path of the broach. The holding and clamping of the piece is, 
therefore, greatly simplified. In many cases no clamping at all 
is necessary. For example, the Houde shock-absorber part 
shown in Fig. 15 of Mr. Geschelin’s paper is not clamped at all. 
Hence on many broaching operations the handling time of the 
work is greatly reduced over that necessary for other methods. 
The second reason for the low unit time for surface broaching is 
due to the rate of speed at which the cutter passes over the work. 
This rate is from 12 to 25 or more times as fast as the rate used 
in milling. In both cases the distance traveled is equal to the 
length of the cut plus the distance across the cutter. This latter 
is considerably greater for a broach than for a milling cutter but 
the speed more than makes up for the difference, with the result 
that the cutting time for the broaching method is considerably 
faster than for milling. 

A second important advantage of the broaching method lies 
in the low tool cost usually obtained. In comparison with 
milling, the first cost of the broaching tools is rather high. Where 
face mills are used for milling operations, the difference in original 
cost of cutting tools is rather obvious; where complicated cutter 
gangs are used on milling it is not quite so obvious, but even so, 
the first cost of the milling-cutter set-up is rather less than that 
of the broach. The milling cutters themselves on the arbor may 
be compared to the broach inserts and, generally speaking, the 
cost of the inserts is more than the cost of the milling cutters. 
However, the cutter arbor and the spacing collars for the milling- 
cutter gang, which perform the same functions of supporting 
and properly locating the cutting tools proper as the subplates 
and inserts on the broaching set-up, cost considerably less. As a 
result the first cost of tooling equipment on a broaching machine 
is generally more expensive than the first cost on the milling 
machine. This is, of course, to some extent offset by the fact that 
the holding fixtures are usually cheaper on the broach. How- 
ever, when it comes to comparing the total actual cost of the 
tools when used on high production, the broaching tools show a 
much lower total cost. This is due, of course, to the extremely 
long life between grinds obtainable on the broach. The broach- 
ing cutters usually run for days while the milling gang runs for 


1 Published as paper MSP-56-1, by Joseph Geschelin, in the 
November, 1934, issue of the A.S.M.E. Transactions. 

2 Sales Engineer, The Cincinnati Milling Machine Company, 
Cincinnati, Ohio. Assoc-Mem. A.S.M.E. 
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hours. Very interesting figures are given by E. S. Chapman, Presi- 
dent of the Amplex Mfg. Company, in his paper presented at 
the Production Meeting of the Society of Automotive Engineers 
on October 11, 1934. In two cases where direct comparisons 
could be made, the broaching-tool cost was one-third of the 
milling-cutter cost in one case and one-ninth of the milling-cutter 
cost in the other case. All of the broaching-tool costs mentioned 
by Mr. Chapman were rather low in cost per piece, varying from 
$0.0036 in the highest case down to as low as $0.00057 in the other 
case. 

The long cutter life resulting in these low tool costs is due to a 
number of factors, among which may be mentioned the rigidity 
of the average set-up, and the fact that the tooth on the broach, 
taking a chip of constant thickness, does not have to build up 
that chip from zero thickness to a maximum, as is the case with 
the ordinary milling cut. Since the broaching cutter moves in a 
straight line, it is not necessary to provide a clearance angle 
that will prevent dragging on the heel of the cutting land. This 
allows the use of lower clearance and rake angles. The result 
is a stronger cutting edge and one which is also capable of dis- 
sipating heat a little more rapidly. Another reason for long 
cutter life lies in the fact that the broaching cutter operates at 
about half or less the cutting speed of the milling cutter. When 
cutting materials require the use of a coolant, it is very easy to 
apply this coolant to a broaching cutter. In the case of a milling 
cutter, centrifugal action makes it difficult to get the coolant 
where it will do the most good. Another and very important 
reason for the long life of broaching tools is the fact that the rough- 
ing teeth remove the metal and the finishing teeth do the finish- 
ing. It is quite frequently necessary to sharpen the milling 
cutter which is still capable of removing metal, simply because 
the finish produced is not satisfactory, the teeth having been 
damaged by the roughing. On the other hand, on the broaching 
cutter the finishing teeth remove a minimum of stock, do not 
encounter any scale, generally speaking, and should naturally last 
much longer. 

Another advantage of the broaching method lies in the facts 
that the machine employed is of simple construction, that its 
fixtures have a low first cost, and that the total investment re- 
quired for a given production is generally lower with broaching 
equipment than it is with milling equipment. 

A fourth advantage is effected as a result of the simplicity of 
the broaching equipment, inasmuch as this makes for low main- 
tenance costs. 

When we consider the foregoing advantages we are surprised, 
therefore, to find that this method has been restricted almost 
entirely to the automotive and other high-production industries. 

An analysis of some of the operations quoted will show, per- 
haps, the reason for this fact. Published data reveal the fact 
that stock removed by the broaching operation apparently does 
not exceed a maximum of !/,in. at any time. Another interest- 
ing observation which may be made is that in almost every 
case where broaching equipment is used, the stock is removed 
from a forging or from a surface which has been machined pre- 
viously and that in very few cases is stock removed from castings 
where much variance in stock removal is to be expected. In other 
words it is apparent that the broaching method has been applied 
to parts where, first, comparatively little stock is removed (1/4 in. 
or less but usually around 1/3 in.) and, second, where this stock 
removal is held within fairly close limits. Now it is only in high- 
production industries that rough parts come through which 
require an average stock removal of 1/s in. or less; industries with 
comparatively low-production volumes not being able to afford 
either forging dies or patterns and foundry equipment required to 
hold a part to set limits. As a result their parts come through 
with as much as !/; in. stock. The removal of this large amount 
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of stock, plus the fact that it may vary, has two main effects upon 
the economic use of the broaching method. 

The first of these is evidenced in the fact that removal of the 
’ additional stock means increasing the stroke of the broaching 
machine, thus necessitating a larger machine for this purpose. 
The length of travel of the cutter past the work either in the 
case of a milling machine or a broaching machine is equal to the 
length of the work piece plus the distance across the tool. In the 
. ease of a milling machine this distance is constant regardless of 
how much stock there is to be taken off; if excess stock is en- 
countered, the operator of the milling machine can get through 
the cut with very little difficulty by slowing down his feed rate. 
On a broaching operation, however, if a piece of work which 
normally has 1/s-in. stock on it and requires a broach 30 in. long, 
came through with 1/, in. of stock to be removed, a broach 60 in. 
long should be provided which, of course, almost doubles the 
length of the travel required to produce the piece. This indi- 
cates that the broaching force remains the same and the speed 
of the broach travel remains the same, but the distance of the 
travel has to be much more. This, therefore, means a much 
larger machine because of the greatly increased stroke. 

The second main effect that the removal of large amounts of 
stock has on the use of the broaching method is one concerning 
the time for passing each piece over the machine, the time being 
controlled by the broaching tool which must be designed to take 
care of the maximum amount of stock. In the case of a milling 
operation the removal of additional stock has no particular effect 
on the cutter, the cut is simply taken at a slower feed rate, with no 
bad effects, as a rule, on the cutter itself. However, in the case 
of a broach operation, if the broaching tool is designed for re- 
moving a maximum of !/s-in. stock and a piece is encountered 
having !/, in. stock, that extra !/s in. must be taken off by the 
first tooth of the broach which, being practically impossible, in- 
volves considerable hazard. Extra unlooked for amounts of 
stock, therefore, may, and do, quite frequently cause breakage 
of the tools and the work. Therefore, the only safe way to design 
broaching equipment is to design the broaching tools for the 
maximum amount of stock which is to be expected and to 
provide a machine with sufficient stroke to take care of this 
maximum amount of stock. This means, of course, that the 
time for each piece passed over the machine is the same for the 
piece that has the maximum amount of stock. On the other 
hand, on the milling machine most of the pieces are produced 
at the high rate of production and only the occasional piece with 
the excess stock is produced at the lower feed rate. 

These economic considerations are exemplified by the sectional 
broach shown in Fig. 3 of Mr. Geschelin’s paper, wherein the 
broach is designed for a 48-in. stroke, the broaching cut being 
about 42 in. long. This length is required because of the neces- 
sity of sometimes removing as much as T/s in. stock which in 
turn is necessary because this first broaching operation is used 
as a corrective operation for the weight and balance of connect- 
ing rod being produced. If it were possible to hold all of the 
connecting rods to a stock removal of only 1/, in., this job could 
be done at a considerably faster rate or a much smaller machine 
could be used. As the operation is at present set up, about 90 
per cent of the connecting rods are machined only by the last 
few sections of the broaching tool. 

It would appear, therefore, that the increase in use of surface- 
broaching machines is going to depend more or less upon the 
development in the low-production industries of forging and 
foundry practice to a point where the amount of stock to be re- 
moved and the variation in the amount of stock from piece to 
piece is held to fairly close limits. 

Another thing that militates against the use of a broaching 
method in low-production industries is the rather high cost of the 
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tooling equipment. The broach holders, subplates (particularly 
if they are provided with wedge adjustment), and inserts cost 
considerably more than arbor gangs and the amortization of 
these extra costs over the expected quantity of pieces to be 
produced usually makes a broaching operation for alimited number 
of pieces, when analyzed to include this factor, considerably 
greater than the milling method; although the actual labor cost to 
perform the operation is much lower by broaching. Another 
point to be considered is that even in high production there are 
many pieces the shape of which preclude the use of the broach. 
In order to broach a surface on any part, the surface must lie in 
such a position on the work that a broach of considerable length 
can be passed across it. Sometimes it is not possible to meet 
this condition which eliminates the broach possibility. 

In conclusion we would say that the determination of whether a 
given operation should be performed by broaching or milling can 
only be made after a careful analysis of both methods taking all 
factors into consideration, both from a mechanical standpoint 
and from the standpoint of the economic factors involved, which 
analysis, of course, requires a rather complete knowledge of both 
methods. 


Rozert T. Kenrt.* The question has been raised as to the 
application of surface broaching to other than mass-production 
fields. The tenor of the discussion seems to incline to the idea 
that the cost of equipment will bar surface broaching unless 
production is in sufficient quantity to keep the equipment in 
operation for a major portion of the time. The writer is of the 
opinion that quantity of production has little or nothing to do 
with the question, except as one factor that must be considered 
along with others in arriving at the answer. The question is 
answered by determining what method of production gives the 
lowest unit cost. In ascertaining the unit cost, everything that 
enters into cost, such as operating cost, taxes, interest, repairs, 
maintenance, set-up time per piece, and others, must be con- 
sidered. When the problem is analyzed in this manner, there 
can be no question as to which method is best for any particular 
set of conditions. This method applies to all problems of pro- 
duction, as well as to surface broaching versus milling. 

The writer is fortified in this opinion by a case within his own 
experience. A machine that was distinctly mass-production 
equipment was offered for a certain class of work. The output 
of this machine was such that its production in three to five hours 
was sufficient to supply the manufacturer’s needs for the week. 
At first it seemed foolish to make an investment in equipment 
that would stand idle the greater portion of the time, but an 
analysis on the basis of unit costs showed that the investment 
was profitable and resulted in a net reduction of the overall cost of 
the work. 


Collapse by Instability of Thin 
Cylindrical Shells Under 


External Pressure’ 


G. C. Priester.? Equations developed from purely theoreti- 
cal and ideal conditions are often found to be too cumbersome for 
practical application. To develop an equation which will 
meet practical conditions and involve simple calculations to a 
limited degree of accuracy requires familiarity with the ideal re- 


3 Consulting Engineer, Verona, N. J. Mem. A.S.M.E. 

1 Published as paper APM-56-20, by Dwight F. Windenburg and 
Charles Trilling, in the November, 1934, issue of the A.S.M.E. 
Transactions. 

2 Professor of Materials of Engineering, University of Minnesota, 
Minneapolis, Minn. 
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lationships and a working knowledge of its experimental limita- 
tions. 

The authors of this paper have given an excellent interpreta- 
tion of the theoretical formulas involved and have set up an em- 
pirical formula which conforms to the former. This is a decided 
advance in our present theory of the collapse of thin tubes under 
external pressure. 

In all problems of stress analysis it is desirable to have a com- 
plete theoretical analysis of the problem and sufficient experi- 
mental data to verify the general law. Whenever the experi- 
mental data fail to conform to the theoretical formula, either 
the theory is inadequate, or the methods of testing procedure have 
not been properly controlled. 

The authors have shown why their experimental results do not 
agree exactly with the theoretical values. They have set up an 
equation which takes into account the necessary theoretical con- 
siderations and which agrees, within practical limits, with experi- 
mental data. They have stated the limitations of the equation. 
The paper includes a detailed explanation of a method of proce- 
dure for the solution of a specific problem. 


W. Hoveaarp.? In 1921 I drew the attention of the Bureau of 
Construction and Repair to the work done in this field by von 
Mises, von Sanden, and Giinther in connection with the design 
of German submarines during the War. Since then I have been 
in touch with the Experimental Model Basin regarding this 
matter, and have corresponded with Mr. Windenburg about it. 

The paper gives a review of all the formulas proposed for de- 
termining the strength of cylindrical tubes against collapse by 
instability and shows very clearly the relations between them. 
Von Mises’s formula, [6], is shown by the experiments to be the 
most accurate. 

The authors have, however, gone beyond the results attained 
by previous workers in this field by constructing a much simpler 
and yet quite accurate formula, given as (9]in the paper. Fol- 
lowing von Mises, the envelope of the n-curves was obtained by 
differentiating formula [8] and eliminating n. But while von 
Mises applied this method to a simplified form of formula [8] so 
that it was valid only near the origin, Mr. Windenburg derived 
the formula by direct differentiation of formula [8] itself, and 
then by a skilful approximation simplifying the equation of the 
envelope. Mr. Windenburg also pointed out an error in von 
Mises formula, [2]. For the practical engineer formula [9] is 
of great value because it gives the critical pressure without a 
knowledge of n, whichean befound independently from Equation 1. 
The experimental verification carried out by the Model Basin 
gives the engineer an assurance of the soundness of the formula. 

It appears, from Table 3, that for short vessels the formula 
gives a rather high value of the critical pressure and hence of the 
permissible working pressure. 


E. F. Mutter.‘ The paper explains the method in which the 
last draft of Proposed Rules for Construction of Unfired Vessels 
Subjected to External Pressure was reduced to such a simple 
usable form. The value of any technical contribution is mea- 
sured by its usefulness. When complex formulas can be sim- 
plified to such an extent by a series of approximations without 
appreciably affecting their accuracy, it represents a real contri- 
bution for the use of the design engineer. 

The proposed rules for construction of external-pressure ves- 
sels is limited in its seope to the simpler forms of vessels. The 
usefulness of the code would therefore be considerably extended 
by the inclusion of the major part of the present paper as an ap- 
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pendix to the code for use in designs that fall outside the scope 
of the proposed code. 


W. P. Roop.’ This paper effectively summarizes a large 
amount of valuable work. In connection with its use in design, 
the following questions occur to me: 

1 To what extent does existence of hard surface layers in the 
thin sheets used in the tests affect the experimental results? 

2 Is there any theoretical or experimental indication of de- 
flections exceeding those which would occur in simple compres- 
sion, due to elastic buckling below the yield point? The rigidity 
of other thin-metal structures with which I have recently been 
concerned is materially affected by such action. 

3 Is it possible to obtain a useful approximation describing 
the behavior of a flat plate under hydrostatic and coplanar load 
by considering D to approach an infinite value? 

4 Formula [9] is understood to represent a well substantiated 
result of experimental and theoretical analysis. Disregarding 
all questions of loss by corrosion, excess weight due to the re- 
quirements of convenience, and inadvertent departure from 
specifications, what margin is considered appropriate to cover 
the spread between ultimate and working pressures? The 
sources of uncertainty I have in mind are error in the formula, 
unhomogeneity of material, and risk of injury causing excessive 
out-of-roundness. 


C. O. Ruys.® This paper treats the three classes of tubes con- 
sidered in a convenient, thorough and clear manner. The way 
in which the different formulas agree with each other and with 
the results of experiments is very conclusive from the viewpoint of 
correctness and applicability. 

The one exception to the above is the large difference between 
formulas [A] and [B]. It is interesting to note that while [A] 
is derived from theoretical considerations for a radial load only, 
[B] is the result of experiments which appear to have been made 
on tubes subjected to both radial and axial loads. (See Trans. 
AS.M.E., Vol. 53, paper APM-53-17b, p. 232.) It might be ex- 
pected that this difference in loading would affect the resulting 
formulas, but an inspection of Table 1 of the present paper shows 
that differences in collapsing pressure for the two kinds of loadings 
are only important for very short tubes and almost disappear when 
L/D=2. From the reference given above, it seems probable that 
(B] is based on data from a number of tubes for which L/D = 8 
or more. It can be seen from Fig. 1 that the critical length, 
which would correspond with n = 2, is in the region of L/D = 8 
to 10. All this appears to show that the difference between [A] 
and [B] is in no way dependent on the difference in loading, and 
emphasizes the importance of departures from a geometrically 
perfect form. 

Formula [9] is derived in a very interesting way from formula 
[8]. It automatically does away with the necessity for finding 
the proper value of n in formula [8] or in any of the other formu- 
las in which n appears. That it reduces to zero instead of to [A] 
when L becomes infinite, seems quite in order. As already 
pointed out formula [A] is for radial loads only while formula [9] 
is for both radial and axial loads. For the latter case, the load 
required to bring about failure would become almost nothing 
when the tube became very long; in fact, it would approach a 
very long column under a slight buckling load. 

As shown by Equation [28], for the proper set of coordinates, 
formula [9] becomes identical with Euler’s equation for long 
columns. This effect would not occur in the case of formula 
[A], which is independent of length. 

To put the matter in another way, formula [A] applies to tubes 
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beyond the critical length, and loaded with radial pressure only. 

Once the critical length (or length beyond which the collapsing 

section receives no support from the ends) is exceeded, the col- 
jlapsing pressure is independent of length. 

Formula [9] and Equation [28] apply to tubes loaded with 
both radial and axial pressure. When the tube gets very long, 
it appears reasonable to suppose that the axial load would cause 
failure by buckling, as in a column, before the radial load would 

\cause failure by the kind of collapse considered in formula [A]. 

The mathematical work in the derivation of formula [9] and 
in the determination of the number of lobes has been gone over 
and found to be correct. 


F. V. Hartman’? and R. G. Srurm.8 The several formulas 


' given by the authors for the collapsing pressure of circular thin- 
- walled tubes whose lengths are shorter than the critical length 


, are all based on the ideal type of end constraint, namely, simply 


supported ends which “tend merely to maintain the circularity 
of the tube without restricting the slope of the tube walls.” 

There is some recognition given, to the fact that the ends of 
the walls may be fixed or restricted against the change in slope, 
but it is simply stated that such restraint makes for added safety. 
For certain proportions of cylinders the effect of fixity of the ends 
may amount to several times as much as the collapsing pressure 
of simply supported cylinders. Since in many cases economy 
demands that excessive unknown factors of safety be eliminated 
wherever possible, it seems that more consideration should be 
given to the effect of fixation on the strength of cylinders. 

The authors give 36 tests in confirmation of their final choice of 
a formula to be used in design of pressure vessels.  Unfortu- 
nately, however, there has been no mention made of what the 
conditions of the ends of the test specimens were. Such a com- 
parison may lead to the same difficulties as would be encountered 
in tests of columns whose end restraint is unknown. It should 
be appreciated that the way in which end fixity affects the 
strength of tubes is not the same as the way that end fixity af- 
fects the strength of columns, but for short tubes end fixity may 
be as important as it is for columns. Certainly one would not 
test a number of columns to compare with Euler’s theoretical 
column curve for columns with round ends by simply cutting 
columns to different lengths and testing them in a machine 
where the end conditions are unknown. 

From a study of reference 3 at the end of the paper, it is 
noted that some of the cylinders were relatively long with a 
number of intermediate wire stiffening rings, while others seemed 
to be unstiffened tubes. In this reference, a photograph of a 
tube 16 in. in diameter and 40 in. long with inside wire-frame 
stiffeners is shown. It is evident from the photograph that the 
shell tipped at the stiffener which seems to indicate that this 
form of stiffener offers very little restraint to the shell. It 
would be valuable to know if all of the specimens were sup- 
ported in this manner. 

In the photograph just referred to, the lengths of lobes 1 
and 2 appear to be longer than some of the other lobes. Since 
the lobe formation did not extend entirely around the shell it 
would be of interest if the authors would explain the method used 
in determining the number of lobes found by experiment. 

The out-of-roundness, while not emphasized in the present 
paper, is indicated in Table 3. It is interesting to note that for 
model no. 63 which is the case of maximum out-of-roundness rela- 
tive to thickness, the actual collapsing pressure by experiment 
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was 43 per cent greater than the critical pressure for an ideal tube 
computed by the recommended formula. For model no. 66, 
which has the least out-of-roundness relative to the thickness, 
the actual experimental result was only 84 per cent of that com- 
puted by formula [9]. It would seem likely that conditions 
other than out-of-roundness are responsible for the variations 
noted. Out-of-roundness expressed in relation to thickness 
seems to be misleading. On the basis of thickness, model no. 63 is 
about 16 times more out-of-round than model no. 66, but on basis 
of diameter, the former is only about 6 times more out-of-round 
than the latter. 

From Table 3, it may be noted that there is a general tendency 
for the collapsing pressure determined by experiment to be greater 
than that computed by formula [9] in the ranges where the col- 
lapsing pressure is small. In this range one usually expects to 
find the best agreement between theory and experiment. On 
the other hand, the experimental values are definitely less than 
the computed values in the higher ranges of collapsing pressure. 
Since some of these discrepancies are in the neighborhood of 40 
per cent, it seems that an explanation should be sought. Per- 
haps the conditions of end restraint may be the answer. 


D. B. Wessrrom.? The authors have presented in a concise, 
logical, and convenient form a discussion of the more important 
formulas relating to external-pressure vessels subject to col- 
lapse by instability. The experimental results shown in Table 
3 and Fig. 2 are of immense value in demonstrating the soundness 
of applying these rational formulas to practical problems. 

The impression is given in the paper that formula [6] for tubes 
under both radial and axial pressure is on the side of safety in all 
cases, being slightly oversafe for tubes with radial pressure only, 
as represented by formula [1]. This is not strictly true for pres- 
sure-vessel design. Vacuum towers generally have internal 
equipment of considerable weight and sometimes have a large 
concentrated load of auxiliary equipment placed on the top head. 
In addition there are wind stresses which, while they vary as he 
distance from the neutral axis of the tower, may be considered 
fairly uniform over at least one or two lobe lengths of the circum- 
ference. The same may be said of deadweight stresses where 
vessels are supported horizontally. 

The longitudinal stresses due to deadweight and wind load 
may exceed the simple stress due to axial pressure, and in extreme 
cases may be several times the simple pressure stress. Thus for 
practical purposes formula [6] really represents only the average 
case, as does formula [9] likewise, and this justifies the use of a 
fairly high factor of safety in any general code for the design of 
such vessels. 

In discussing the ideal end conditions for tubes shorter than 
the critical length, the authors state that any fixation makes for 
added safety. It is probable that they have reference only to 
fixation against rotation. Fixation against radial contraction 
may have the opposite effect. In a vessel of ideal design, the 
stiffening rings will contract along with the shell although not to 
the same extent. If the stiffening rings were made heavier, the 
difference in radial contraction would be increased, and higher 
bending stresses would be set up in the shell plate at and near the 
points of support. It is a question whether they would be suffi- 
ciently high to lower the collapsing pressure, but certainly they 
do not make for added safety. 

The writer was interested in the fact that formulas [3] and [8] 
give values of p one-third higher than formula [A] when L be- 
comes infinite, and endeavored to find the reasons for this. In 
the case of formula [3] this is brought about by dropping the 
unity term within the first pair of brackets in formula [2]. When 
L becomes infinite the only members left within the brackets are 
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n?—1, and as n equals only 2 under these conditions, the unity 
member compares favorably with n? and should be retained. For- 
mula [3] applied to a tube of infinite length would then check 
formula [A]. 

A similar situation arises in formula [8] because of too much 
simplification. Referring to formula [6], this is due partly to 
replacing n? — 1 by n? in the denominator at the end of the equa- 
tion, and partly to dropping the second and third terms within 
the braces. When written out, neglecting powers of p higher 
than the first, these terms become 


—2Qu, n? + wp = —2n?— p (3 + wn? + 1 +p (1+) 
(3 + n)n? —1—s2 


=—2n? +1 


The only simplification that might properly be made would be 
to neglect (—1— u) in the numerator of the third term in formula 
[a]. Otherwise the three terms should be retained within the 
braces in formula [6] in developing formula [8]; also the unity 
term in the aforementioned denominator should be kept. Under 
these conditions, formula [8] would check formula [A] for tubes 
of infinite length. 

It is noted that formulas [5] and [9] reduce to zero for tubes of 
infinite length. It is believed impossible to modify them to agree 
with formula [A] for this extreme case without robbing them of 
the simplicity which was sought in deriving them. Despite this, 
the writer believes that formula [9] of the U. S. Experimental 
Model Basin is an outstanding contribution to the subject, as 
evidenced by its agreement both with the theoretical exact 
formula [6] and with experimental results, as shown in Tables 2 
and 3, respectively. Formula [9] has the added advantage that 
a determination of n is unnecessary. The value of 7 is of little 
practical interest to the pressure-vessel designer. 

The authors make it clear that formula [9], along with the 
others, is applicable only to tubes shorter than the critical length 
where collapse will oceur by instability. The writer feels this 
should be emphasized by some suggestions for determining the 
range of application of formula [9] for any given ¢/D ratio in a 
practical problem. Obviously one method is to calculate the 
collapsing pressure by simple crushing 


p a2 29 (1/D) 2.3 hos «see {b] 


where S is the hoop stress at which failure by simple crushing is 
assumed to take place; also to calculate the collapsing pressure for 
a tube longer than the critical length, by formula [A] or [B]; 
and reject all values of p obtained from Equation [9] that do not 
lie within this range. 

Another method, in some respects more useful, is to determine 
the limiting values of L/D for which formula [9] can be applied. 
Setting formula [9] equal to formula [b] and solving, the lowest 
L/D value to be used in formula [9] is found to be 


EN vcryag (Pay eee ] 
ee = "0.25 GS E — pi S oF gt ans cttcc {c] 


which for » = 0.3 becomes 


iD t\z[289EF(t 
(oie = 0.45 (+) = (4) + | Roe {[d] 


The highest L/D value to be used in formula [9] is found in a 
similar manner by placing this equation equal to formula [A] 


au _ 1.210 — #4) 0.45(t/D)3 
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Formula [e] varies but little over a wide range of », and for » = 
0.3 reduces to 


L 1.18 
TN Ty Pa 1/2 
Ge W/Dyst O45 (E/D) eae cee oe {f] 


If formula [B] is used as the basis of comparison the constant 
1.18 in formula [f] is replaced by 1.56. In either case, the second 
term in formula [f] can be neglected. 

In cases where the most economical design consists in using the 
minimum plate thickness, the required ¢/D ratio can be computed. 
from formula [b] and the resulting value inserted in formula [d]. 
This will give the maximum value of L/D that can be used with- 
out entering the region of instability and thus making necessary 
the use of a heavier shell plate. 

Formula [d] and formula [f] with a constant of 1.56 have been 
tested against the chart in the A.S.M.E. Code rules in reference 
4 and found to check the intersections of the straight lines when 
prolonged. The straight lines on the chart are connected by 
transition curves, representing the intermediate region mentioned 
in the beginning of the paper. Thus these formulas do not check 
the chart exactly, but are useful in constructing such a chart, or 
similar charts. 


T. McL. Jasper.!° The authors of the paper have presented 
experimental data which are associated with very slender tubes 
under collapsing conditions. The available data in this field are 
meager and those supplied by the authors are a welcome addition 
to the results available on very thin tubes. In such tubes, in 
general, unless they are relatively very short, the yield-strength 
properties of the steel do not enter into the problem. 

The writer’s work on collapse has been with commercial tubes. 
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which are relatively thick and in which the physical as well as the The first item is that of shape. No consideration has been 
elastic properties of the steel enter.1! The equation set up by given to any other form than the cylinder, as stated in the first 
R. G. Sturm in combination with the compression yield points paragraph of the “Proposed Rules,” yet these proposed rules do 
of the steel under collapse is used in the writer’s work anda very not read “for the Construction of Unfired Cylindrical Pressure 
close check-up has been obtained which confirms the use made of Vessels Subjected to External Pressure.” Again, assuming that 
curves such as result from the aforementioned work. Iam pre- the authors are interested chiefly in shell strength of submarines, 
senting five typical curves which show results which have not one wonders why oval tubes of relatively small difference in major 
heretofore been published. and minor diameters (similar to the usual modern submarine-hull 
Fig. 1 of this discussion shows a curve indicating the yield form) were not tested also, in conjunction with some formula in- 
point in compression of the material. The specimen from which cluding a diameter-ratio factor. Investigation should lead 
these test results are takenisrelatively small but very accurately eventually to the elongated oval, the triangular, and even to the 
made and consists of a rectangular prism taken in the direction of nearly rectangular cross-sections used for condenser shells, to 
stress which causes collapse. The yield strength in compression none of which the formulas listed in the present paper are ap- 
is obtained by applying successive loads to the prism and plot- plicable. 
ting the stress applied against change of length after each suc- The second item is that of wall openings. If the tube or cylin- 
cessive load is removed. The writer’s Figs. 2 to 5 show collapse der is to be used it must have branches (or inlets and outlets) at 
tests made from tubes from which the steel in Fig. 1 was taken some point not always located on the heads. What is the effect 
‘and are the figures shown in the paper referred to. It will be of side openings on the number and location of lobes? 
noticed that the (D/7’) value is constant, but that the actual The third item is that of material. Reference to the authors’ 
Jength has been varied to produce (L/D) values of 7, 4, 3, and 2, Tables 1 and 3 reveals that the material has been limited to steel 
respectively. These diagrams were designed using Sturm’s oF other similar material having a well-defined modulus of elas- 
equation and take into consideration the end conditions repre- ticity. The proposed rules already mentioned include only steel 
sented by a vessel. The test vessels were the actual length and specifications, in referring to material. The values given in the 
the ends were actual plates welded to the cylinders. present paper are around 30 million, showing that an excellent 
By varying the length of the test vessel it has been possible to grade of steel has been utilized. On the other hand, under cer- 
check both the elastic phase as well as the phase of the problem tain conditions of external pressure, tubing of good size is used, 
controlled by the physical properties of the material. which is made of copper. This metal has no definite value for Z, 
the modulus of elasticity varying with the ‘‘temper” or amount 
Mason S. Noyss.!2 It was hoped that the work of the of cold work done on it and with the temperature conditions, nor 
A.S.M.E. Special Research Committee on the Strength of Vessels has it a well-defined value for y, its Poisson’s ratio. 
Under External Pressure, would yield results of general applica- It is hoped that the investigators will not stop at the present 
tion. The data published in the first paper, APM-53-17a, and point in their research, which seems to have covered steel cylin- 
the present one, leave at least three items as yet not investigated. ders so carefully, but will continue in an effort to get at least a 
partial answer to the effects of the above items. 


1 “The Collapsing Strength of Steel Tubes,’’ by T. M. Jasper and 
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cussions help to clear up doubtful points and make the paper of 
more value to those wishing to use it as the basis of design. 

It is apparent that there is still some slight misunderstanding 
as to the application of the column analogy to the collapse of 
pressure vessels. Messrs. Hartman and Sturm make frequent 
use of the term “end fixation” in a pressure vessel, comparing it 
with the end fixation in a column. These two types of fixation 
are not really comparable. An analogy may be drawn between 
a pressure vessel and a column by considering the shell of the 
pressure vessel to be made up of a series of columns, one-half 
lobe length long, extending end-to-end circumferentially around 
the vessel. These “columns” are probably pin-ended since at the 
buckling pressure the ends are unstable and cannot offer a resist- 
ing moment. The column ends in the shell certainly are not 
related to either the heads or stiffening rings of the vessel. 

It would probably be more instructive to shift the analogy 
from columns to plates. It is well known that the strength of a 
long plate subjected to a compressive load on its ends is influenced 
by the degree of fixation at the edges (not ends) of the plate. The 
theoretical buckling load for a plate with built-in edges is shown 
by Timoshenko! to be about 75 per cent greater than for a plate 
with simply supported edges. The fixation at the stiffening 
rings or heads of a pressure vessel is analogous to this edge fixa- 
tion of a plate but it has not been evaluated theoretically. It is 
reasonable to suppose that the variation in the strength of a pres- 
sure vessel due to fixation at the heads will be no greater than the 
difference between the strength of a plate with fixed edges and 
one with simply supported edges. It certainly does not seem 
likely that “the effects of fixity of the ends (of a pressure vessel) 
may amount to several times as much as the collapsing pressure 
of simply supported cylinders.”’ The authors have tested model 
pressure vessels with stiffening rings of many shapes and sizes 
ranging from extremely light stiffeners to bulkheads, and, what- 
ever the effect of fixity at the stiffener may be, variations in this 
effect are not evident from the data. Consequently, either the 
fixation must have negligible effect or at least it must be of about 
the same degree in all cases. 

It might be well to point out that for thick pressure vessels 
which fail at high stresses, the degree of fixation at the heads of a 
pressure vessel may be important for it is comparable to the fixa- 
tion at the ends of a beam. However, this does not apply to 
vessels which collapse by instability, since the buckling is the re- 
sult of tangential rather than longitudinal stresses. 

Mr. Wesstrom points out that the authors’ statement, “any 
fixation makes for added safety” applies only to fixation against 
rotation. He points out also that fixation against radial con- 
traction (the authors did not consider this “fixation”) may have 
the opposite effect. Since resistance of the stiffening ring to 
radial contraction materially affects only the longitudinal bending 
stress, it probably has small effect upon the strength of pressure 
vessels which collapse by instability. 

Messrs. Hartman and Sturm have called attention to discrepan- 
cies between the experimental data and the theoretical formula 
[9] given in the paper. The explanation for this has already 
been given in the paper. The collapsing pressures computed by 
the theoretical formula [9] in Table 3 of the paper are too high 
in the region of high stresses because the value H = 30 X 10° lb 
per sq in. was used in the computation instead of the correct 
value of the effective modulus. The collapsing pressures com- 
puted by the theoretical formula [9] are too low in the region of 
low stresses because the formula predicts critical buckling pres- 
sures which may be considerably below the ultimate collapsing 
pressures recorded in Table 3 for the experimental models. It 
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seems unnecessary to call in an unrelated and poorly defined con- 
dition of end constraint to help account for these variations. 

Regarding model no. 63, which Messrs. Hartman and Sturm 
indicate has the most out-of-roundness relative to the thickness 
although the collapsing pressure was 43 per cent greater than the 
theoretical pressure, it should be noted that an ultimate collaps- 
ing pressure considerably above the critical buckling pressure 
might well be expected for such a long thin model. Moreover, 
the experimental determination of the collapsing pressure of this 
particular model was subject to considerable error, since this 
collapsing pressure of 10 lb per sq in. (the lowest of the tested 
models) was observed by a 300 lb per sq in. Bourdon-tube gage. 

The authors expressed out-of-roundness as a fraction of the 
thickness rather than of the diameter because in column theory 
the eccentricity of a column is expressed in relation to the radius 
of gyration which is analogous to the thickness of a pressure ves- 
sel (with a constant multiplier; see Equation [29] of the paper and 
preceding paragraph). The column eccentricity is not related to 
the length of the column which is analogous to the diameter 
(multiplied by a constant) of the pressure vessel. 

The authors were asked to explain the methods used in the ex- 
perimental determination of the number of lobes. The “polar 
diagram” as illustrated in Fig. 4 of reference 314 of the paper 
shows the exact condition of the shell just prior to collapse. 
Since such a diagram shows incipient bulges throughout the en- 
tire circumference, an examination of the diagram leaves little: 
question as to the actual number of lobes. When satisfactory 
diagrams are not obtained, however, it is necessary to estimate 
the number of lobes from measurements of the average lobe 
length of the failed model. This method is unsatisfactory since 
neither the lobe length nor the number of lobes found in a failed 
vessel correspond necessarily to the lobe length and number of 
lobes in the vessel at the time of unstable collapse. 

The collapsing pressures obtained by any instability formula. 
must be checked by a stress calculation to make certain that the 
proportional limit of the material has not been exceeded. Mr. 
Wesstrom has outlined a method for determining the region of 
applicability of formula [9] of the paper. He points out that his 
formulas check Fig. U-21 of the A.S.M.E. Pressure Vessel Code. 
This is to be expected since his method is essentially that used 
in plotting the curves of that figure. However, it should be 
noted that it is best to limit formula [9] to stresses below the 
proportional limit rather than below the yield point. This can 
be readily done by substituting Sprop for Syieca in Mr. Wess- 
trom’s Equation [d]. Formula [9] is not directly applicable for 
smaller values of L/D than those given by the modified Equation 
[d] and should be used only with extreme caution. 

The authors believe Mr. Rhys has attached too much impor- 
tance to the effect of axial loading on the collapsing strength of a 
pressure vessel. He is correct in the statement that a tube 
under both radial and axial pressure if increased in length indefi- 
nitely will eventually fail as a column or strut under the end 
load. This is purely academic, however, for the end load result- 
ing from uniform external pressure is so small that in no practical 
case could it cause buckling of the tube as a strut. This end 
load, nevertheless, has an appreciable influence on the buckling 
of the shell by the formation of waves in a circumferential belt. 
Formula [6] of the paper is obtained by modifying formula [1] 
to inelude the effect of end load on this type of collapse. It does 
not consider the possibility of the tube buckling as a strut. Con- 
sequently it does not (and should not be expected to) reduce to 
zero when L = © but to formula [A], given in the paper. The 
fact that formula [9] does reduce to zero for L = © is due solely 


“Strength of Thin Cylindrical Shells Under External Pressure,” 
by H. E. Saunders and D. F. Windenburg, Trans. A.S.M.E., vol. 53, 
1931, paper APM-53-17a, p. 207. 
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to the nature of the approximations involved and not to the fact 
that it includes end load. 

It might be noted that the analogous column length of the 
pressure vessel is a quarter-circumference for n = 2 (tubes longer 
than the critical length), and that this column length does not 
change if the tube be increased in length. Hence the column 
analogy is in accord with the fact that the strength of a tube 
longer than the critical length is independent of the length. 

In regard to the four questions raised by Lieutenant Com- 
mander Roop the following can be said: 

1 It is believed that hard surface layers in the material have 
very little effect on experimental results. As shown by the theo- 
retical formulas given in the paper, the elastic modulus and 
Poisson’s ratio are the only properties of the material upon which 
the strength of vessels which collapse by instability depends, and 


~ these properties in steel are but little affected by cold working 
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of the material. 

2 The actual measurements of deflections during the con- 
duct of tests (reference 3 of the paper, Fig. 4 for example)" show 
deflections prior to collapse far in excess of the deflection due to 
uniform contraction of the shell. 

3 It does not seem possible to obtain an approximate equa- 
tion for the strength of a flat plate under hydrostatic and coplanar 
load by considering D to approach an infinite value. The t/D 
and L/D ratios both become zero in this limiting case, and the 
collapsing pressure in the various formulas is expressed in terms 
of these ratios in such a way that it too vanishes. 

4 In general the selection of a suitable factor of safety is 
largely a matter of judgment. Fig. 2 of the paper shows the 
spread of points representing collapsing pressures of test models. 
The spread for commercial pressure vessels would probably be 
somewhat greater. A factor of safety of 2 is ample to take care 
of variations in thickness, variations in physical properties of the 
material, and ordinary variations from circular form. However, 
an addition to this factor is required to give added life to the 
vessel, to insure against accidental overloads, and to insure 


against other unforeseen accidents which might precipitate fail- 
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ure. Consequently, the choice of a suitable factor of safety de- 
pends upon the individual case. R. T. Stewart gives some 
excellent general rules for the selection of a factor of safety. 

Mr. Jasper offers some very interesting theoretical and experi- 
mental data. However, as he points out, his data are for thick 
tubes most of which collapse at stresses near the yield point while 
the authors have confined themselves in the present paper to 
collapse by instability only. 

Mr. Noyes regrets that the paper is not more general in 
scope. The authors felt that a general review, discussion, and 
evaluation of the merits of the many instability formulas deal- 
ing with thin circular cylindrical-pressure vessels was desirable, 
and the purpose of the present paper was merely to present such 
a survey. 

The A.S.M.E. Special Research Committee on the Strength 
of Vessels under External Pressure has considered questions of 
the type raised by Mr. Noyes. Sufficient experimental data are 
not now available to check the theoretical formulas commonly 
used to determine the strength of pressure vessels of elliptical 
cross-section. 

Rules for the design of nozzle openings now form part of the 
A.S.M.B. Code for Unfired Pressure Vessels (Paragraph U-59). 
Nozzle openings which meet these requirements should not ma- 
terially affect the strength of the shell. 

The theoretical formulas in the paper were checked by steel 
models, but they apply to vessels constructed of any material 


15 “Collapsing Pressure of Bessemer Steel Lap-Welded Tubes, 
Three to Ten Inches in Diameter,” by R. T. Stewart, Trans. 
A.S.M.E., vol. 27, 1906, p. 815. 
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provided the correct-value of the effective modulus is used. The 
Special Research Committee is now engaged in formulating rules 
for circular cylindrical vessels made of copper, aluminum, and 
various alloys. It is hoped that these rules will be ready for pub- 
lication in the near future. 


The Test Performance of Hudson 
Avenue’s Most Recent Steam- 
Generating Units’ 


P. W. Keprier.2 This paper and a similar recent one® on 
Hell Gate direct-fired units make possible an engineering com- 
parison between the two methods of firing. Both methods 
deal with recently designed, large units which are using practically 
the same fuel (Eastern semi-bituminous). 

In Fig. 1 of this discussion heat input is plotted against the 
many differences in losses that are connected with the coal-burn- 
ing equipment, the following abscissa scales selected are at the 
same time convenient and accurate for comparison: 20 to 80 
lb of (14,000 Btu) coal burned per sq ft of projected grate area 
per hr, and 10,000 to 40,000 Btu fed into the furnace in the form 
of pulverized coal per cu ft of furnace volume per hr. The 
maximum reported fuel-burning rate for The Hudson Avenue 
Station is 76.2 lb, and 39,500 Btu input for Hell Gate, nearly 
coinciding on our scale. 

The losses that can be plotted as reported are: fly-ash loss 
of pulverized coal, and cinder, ashpit and unburned-gas loss 
of the stoker. The unaccounted-for losses will be dealt with 
later. Curve No. 1 of Fig. 1 in this discussion shows an ad- 
vantage for pulverized coal throughout, rising from 0.9 per cent 
at 20 Ib (10,000 Btu) to 3.7 per cent at 70 lb (35,000 Btu), and 
then falling to 1.6 per cent at 80 lb (40,000 Btu). This drop is 
due to the rapid rise in fly-ash loss from 2.2 per cent at 31,700 
Btu to 8.7 per cent at 39,500 Btu. This in turn is due to lack 
of induced draft. It should here be kept in mind that the Hell 
Gate boiler was guaranteed for a capacity of only about 27,000 
Btu input, whereas the Hudson Avenue boiler was built for an 
even higher maximum capacity (of shorter duration), than 
the 24-hr capacity reported, and was therefore not limited by 
induced draft. The actual excess air however was not so much 
greater for the stoker boiler, 13.3 per cent against 10.3 per cent. 
This indicates that this stoker requires less excess air than the 
pulverized-coal equipment under question. Nevertheless it is 
practically certain that this pulverized-fuel equipment would be 
capable, if given enough excess air, of continuing its low cinder- 
loss curve even beyond 39,500 Btu, at which point it would only 
be 2.8 per cent instead of 8.7 per cent. This could be shown, 
possibly by dotted lines, but the writer would rather confine 
himself as much as possible to facts and let the reader draw his 
own conclusions. 

Excess-air losses are shown on curve No. 2 of Fig. 1 of this dis- 
cussion. Tests on representative equipment indicate an in- 
crease in dry-gas losses of 0.05 per cent, per cent of excess air, 
and on this basis, although excess air differs as much as 5 per 
cent, the difference in losses is rather small. 

The sensible heat in the slag was also estimated (curve No. 
3). A specific heat of 0.2, and a slag temperature of 2500 F 


is here assumed. The maximum slagging loss at 13,000 Btu, 


1 Published as paper FSP-56-15 by P. H. Hardie and W. S. Cooper, 
in the November, 1934, issue of the A.S.M.E. Transactions. 

2 Testing Engineer, Hell Gate Station, The United Electric Light 
and Power Company, New York, N. Y. Jun. A.S.M.E. ‘ 

3 “Characteristics of Large Hell Gate Direct-Fired Boiler Units 
by W. E. Caldwell, Trans. A.S.M.E., vol. 56, 1934, paper FSP-56-2. 
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where 45 per cent of the ash is reported to be slagged, is only 0.11 
per cent. 

The unaccounted-for and radiation losses seem decidedly in 
favor of the stoker. Accuracy may be gained by “weighting” 
these for input, for they appear to be uniform, regardless of rate 
of driving. The resulting ‘weighted’ average loss is 1.37 per 
cent for the stoker compared with 4.04 per cent for the pulverized- 
coal equipment. Some of the radiation loss is returned to the 
boiler by the incoming combustion air being heated above the 
outside-air temperature. This correction may be applied with 
good accuracy to the Hell Gate boiler, for during the test it ran 
alone in its own boiler-house extension, which is practically a 
building by itself, and its combustion air is taken from the top 
of this building. On the Hudson Avenue boiler this is not 
exactly the case but fortunately the correction is much smaller 
due to the air being taken from the bottom of the building; 
a considerable error in this estimate would be comparatively 


small. The heat thus returned is 1.03 per cent for the Hell 
4. 
| ~- | (isha ial im 
a har i 
{ ie oe | X Co 
a5 
ioe ME Ie 
T 
t 
530 
a 
z |_| | if [ t | a 
© —+ 
so CH 
S25 
5 Le REPORTED COMBUSTION LOSSES ry al 
po i TYEE 
52.0 
6 t 1 T 
oO i) ia 
e FAH | 
iv ala } | 
w 
ae 
ates + 
3 faleat i Cie i NO. 6- NET EFFICIENCY | 
2 BEZ im 
2 == 
a = 
Pa 
5 i j + [ i 
ay ee | | i Bee 
3 Tota + T T T 
a NO 7-INDUCED DRAFT 
8 NO 6- FORCED DRAFT. | 
g : i al! i ‘lca Cl 
e =f | = 
= Sees 
a0 
NO.3- SENSIBLE HEAT IN REFUSE: aca NO 2- EXCESS AIR 
NO. 4-FURNACE RADIAT! 
<r 
Baa 
t | _]NO.5- COAL PREPARATION + 
| 


30 40 50 60 70 80 
LBS OF COAL (14000 BTU) BURNED PER SQ.FT OF PROJECTED GRATE AREA poli 
25 30 
1000 BTU INPUT PER CU FT OF FURNACE VOLUME PER HR, (PULVERIZED COAL) 


Fic. 1 Errecr or Furt-BuRNING EQUIPMENT ON TEST EFFI- 
CIENCY, SToKERS (Hupson AVENUE) VERSUS PULVERIZED 
Coau (HEtL GATE) 


Gate boiler, compared to 0.22 per cent for the Hudson Avenue 
boiler, reducing the actual radiation plus unaccounted-for loss 
to 1.15 per cent and 3.01 per cent, respectively. This loss can 
only be radiation for the stoker tests, excluding test error. For 
the pulverized-coal tests it may be carbon lost in the slag or un- 
burned-gas loss together with radiation, again excluding test 
error. But other tests at Hell Gate prove that this slag con- 
tains no combustible matter. And the sum of CO, plus Oy, is 
within 0.2 of the amount corresponding to complete combustion 
of the coal used; it is also known that the solution used for 
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oxygen determination fails to take out the last tenth or two of 
oxygen. No CO was found during the entire test. Furthermore, 
the presence of unburned hydrocarbons is extremely unlikely for 
they meet with considerable turbulence, high temperature, and 
possibly 200 per cent excess air as they are blown off near the 
burner. The furnace is also very large and comparatively free 
from stratification. Other elaborate tests with combustion 
Orsats have shown unburned gases to be very rare with turbulent 
burners. The writer therefore believes that this loss is practically 
all radiation for both groups of tests. The radiation surface 
per unit heat input is 1.6 times greater for the Hell Gate boiler; 
this includes low temperature air ducts, etc., but the insulation 
on some of these is correspondingly thin, or left off altogether, 
so that their radiation may be just as intense as from hot sur- 
faces that are usually well insulated or protected by water walls. 
This extra surface, largely due to the use of more heat recovery 
apparatus, would raise the Hudson Avenue radiation to 1.84 
per cent. It should also be considered that the Hell Gate setting 
is far less compact and well ventilated, surrounded by windows, 
and subject to bad drafts from the coal-conveying system, some 
of which have since been eliminated. Furthermore the adjacent 
boiler was shut down, so that this one boiler was subject to 
radiation from all four sides and had to heat up a boiler room, 
half of which was shut down. The outside temperature averaged 
only 37 F, compared to 49 F for the stoker tests. This accounts 
at least for a good portion of this difference between 1.84 and 
3.01 per cent. But the stoker should get credit for the smaller 
furnace required and for the protection against radiation it af- 
fords by its grate area as well as its coal hopper. By assuming a 
uniform heat emission and by determining the various surfaces, 
it was estimated how much the radiation loss would increase in 
the stoker boiler if its furnace were replaced by a pulverized-coal 
furnace, larger according to the difference in heat release, and 
radiating from all five sides. The resulting increase is found to 
be 0.4 per cent and is therefore credited to the stoker (curve No. 
4). 

Auxiliary power requirements must also be considered. The 
conservative modern heat rate of 14,000 Btu input per kw is 
assumed throughout. To compare fan-power requirements, a 
static fan efficiency of 60 per cent, and electrical drive with 80 
per cent motor efficiency are used for both cases. For caleulat- 
ing forced-draft power consumption, the burner pressure of the 
pulverized-coal equipment is compared with the windbox pres- 
sure of the stoker. For induced draft the average setting re- 
sistance of the two is used for both, so that the combustion 
equipment is merely held responsible for the difference in head 
and volume caused by differences in excess air. 

There is a marked difference between mill power and stoker- 
motor power as shown in Fig. 1 of this discussion by curve No. 5, 
which varies from 1.2 per cent at 20 lb (10,000 Btu) to 0.5 per 
cent at 80 Ib (40,000 Btu). Forced and induced draft (curves 
Nos. 6 and 7) show only small differences. 

Curve No. 8 shows the resulting net difference. It is seen that 
if the bulk of the stoker output can be raised below 40 lb per 
sq ft, and if the higher rates of driving are used only during rare 
emergencies, the resulting operating efficiency of stokers should 
be about equal to that of comparable pulverized-fuel equipment. 

If the appreciable unburned-gas losses could be reduced by 
the use of overfire air, the resulting increase in fan power, par- 
ticularly at low outputs, should be comparatively small. If 
this were feasible the stoker would be definitely more efficient 
at moderate rates of driving and its disadvantage beyond these 
would be reduced. 

The writer has purposely confined himself to thermal efficiency, 
but it must of course be kept in mind that many other important 
factors would enter into a complete comparison. 
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Joserx Grrsuperc.t To conduct tests of a stoker-fired 3 
boiler in a satisfactory manner one has to cope with, among other 2 
things, two requirements of the fuel bed. First, it must have a 
"thickness and a contour proper for a given make of stoker and 
kind of coal used if the best sustained boiler efficiency at a 
chosen rate of evaporation is to be realized. Second, its con- 
dition at the beginning and at the end of a run must be identical 
if demands of test accuracy are to be met. Deviation from the 
first requirement is commonly designated as the fire being too 
~ heavy ortoothin. Non-fulfilment of the second requirement re- 
sults in an error both in the boiler efficiency as well as in the 
“radiation and unaccounted-for loss.”’ 

Ordinarily it takes several hours to obtain a proper fuel bed for 

a chosen rating and to reestablish it toward the end of the run. 

4 Since under present art of testing, the fuel-bed condition is esti- 

~ mated by eye, it becomes extremely difficult to avoid large errors 
in boiler efficiency and “radiation and unaccounted-for loss,” 
particularly at light loads. With a large stoker surface it takes 
only a few inches of fuel-bed thickness to cause an error of several 
per cent in these items of the heat balance. Zero or negative 
values of “radiation and unaccounted-for loss” are quite com- 
mon at very light loads. 

A method of testing which would eliminate or reduce these 
errors is certainly welcome. The authors followed a procedure | 
which they contend “has the advantages that the testing period 0 
is reduced, and the influence on the results of possible differ- 


7 
Eee 
A 


aa 
5 3 
ian 
io = 


\ 


1 


Nm WO-O 


ai 
: 


Energy Loss, Per Cent of Heat Value of Fuel 


E 
i 
aE 


Ea 
El 
edd 
ot 
7 


a 
pee eae : 
[les etait | To 

ee enamel | | 


S 
2 
yy 
HE 
is 
a 
ie 


I 


ences in fuel-bed thickness between the beginning and end of ~" “399m MRAGINONESOO EEN re uns e400 12/49 6 68 
runs is minimized.” Analysis of results in the energy balance Energy Output, 10° Btu per Hr 
of their Table 1 does not seem to bear out the last contention. Fig. 3. Appenpep Enercy-BALANce Curves Drawn 


Appended curves of these results (Fig. 3 of this discussion) show From TaBue 1 or Paper FSP-56-16 
that with the exception of “radiation and 


unaccounted-for loss” all other losses be- 2 
have in a normal way, indicating that, 88 
as far as combustion is concerned, it was D> g¢ 
of somewhat similar quality during the = 
ascending as well as the descending order 2 84 
of loading. However, the curve of “ra- go 
 diation and unaccounted-for loss’’ shows os 
a very erratic behavior. Since this item S 80 
in this test represents only the radiation & 78 
loss and test errors, the curve should be e 
at least a horizontal line if not sloping 76 
downward with the increase of energy out- ra 
put, provided the errors are small and fairly 2 
constant. One would expect the errors = : 
due to estimates of the fuel-bed thick- ©&€ 2 
ness to be the smallest at the very high 50 I 
ratings, namely in runs 9 and 10. The Es 
average of “the radiation and unaccounted- 8 0 
for loss’ for these runs is about 2.2 per 3 -| 
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; Energy Output, 10° Btu per Hr 
4 Chief Testing Engineer, United Electric 
Light & Power Company, New York, N.Y. Fic. 2 AppeNnDED Txrst-PERFORMANCE Curves Drawn From Resuuts GIven In TABLE 
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} TABLE 1 APPENDED RADIATION AND UNACCOUNTED-FOR LOSS cent. Taking this value as constant for the en- 
Run No. 1 2 3 4 5 6 7 8 9 10 


tire series of runs one would readily notice (see Fig. 


_—__———_Difference in average fuel-bed thickness, in. 


7 pecstion DAE eo ane Pa 2.6 —2.0 —3.9 —1.9 —2.6 —1.3 2.6 —2.3 2B of this discussion) that all points of the first 
Esounted- | : eight runs except run 3 fall below it. This result 
: a | 1.5% —1.6 —3.0 + 4.0 —0.2 —2.2 —0.6 —1.6 —0.6 5.0 0 indicates that in every one of these runs except run 
mae " 3, the fuel bed was thinner at the end than at the 
| Difference in average fuel-bed thickness at the beginning and end of a run was compute ae - 
itor theinclined stoker area= beginning of a run by average amounts shown in 
694 sq ft projection area _ 765 44 ft Table 1 of this discussion. According to these 
cos 25 deg values the thickness of the fuel bed with which the 
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Coal density = 60 lb per cu ft ; 

@ Corrected to 0.9 per cent energy loss due to unburned hydrocarbons instead of re- test was started in run 1 was reduced at the end 
eae pee ype on aes 1, item 72, of the paper), which seems to be in error (see of run 8 by 18.3 in., or 15.7 in. if the “unburned 
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hydrocarbons loss” (see Fig. 3C of this discussion) in run 2 is 
taken as 0.9 per cent instead of 2.4 per cent, which seems to be 
in error. So large a reduction in thickness, however, is unlikely. 
A critical examination of results of runs 9 and 10 tends to re- 
gard 1.5 per cent of “radiation and unaccounted-for loss” 
established in run 10 as the most probable value. This loss 
in run 9 is 3.0 percent. The discrepancy of 1.5 per cent might 
be due to two possibilities: First, an error of only 6 per cent 
in the sampling of cinders would suffice to cause indicated 0.5 
per cent difference in the loss due to combustible in cinders. 
Second, run 9 was started with a too thin fire which was built 
up toward the end of this run and thereafter was maintained 
approximately constant throughout the 10th run. This may ac- 
count for the remaining 1 per cent discrepancy. 

With 1.5 per cent “radiation and unaccounted-for loss,’ 
Table 1 of this discussion shows much smaller reductions in 
thickness of the fuel bed for individual runs than with 2.2 per 
cent. Accordingly, the thickness of the fuel bed existing at the 
beginning of the first run needed to be decreased by only 5.8 
in., or more likely, by 3.7 in. (if corrected for error in run 2 as 
explained previously) at the end of run 8, to make possible errors 
in boiler efficiency for individual runs. Fig. 2A of this dis- 
cussion shows the probable efficiency curve as compared with 
that given in the paper. 

This analysis leads to a conclusion that the authors’ procedure 
of uninterrupted testing for a series of different loads does not 
minimize the errors of individual runs due to differences in fuel- 
bed condition at the beginning and end of each run. The pro- 
cedure becomes effective only when it is applied to a series of 
runs for the same load, the entire series being treated as a single 
run. In other words the duration of a run is to be prolonged, as 
it is practiced whenever accuracy of testing is sought, particularly, 
at light loads. 

Now with reference to the shortening of the testing period, 
the authors’ claim of this advantage in their method of testing 
can be conceded if loads are changed in one order only, either 
ascending or descending. In other words, there must be no 
check runs. There is a considerable saving in time if only a 
few hours, say three or four, are spent for the establishment of a 
proper fuel bed at the beginning of each run instead of 24 hours 
required for a check run. 


E. C. M. Sranu.5 The combustion-control meters used at 
Hudson Avenue are of the type which maintain a predetermined 
steam-flow—air-flow ratio, or in effect a predetermined per cent 
“total air’ (ratio of actual air supplied to theoretical air required 
for complete combustion). For this reason the operating depart- 
ment at Hudson Avenue has been interested in determining the 
total air at which highest combustion efficiency can be obtained. 

The elementary method of establishing the proper quantity of 
air to be supplied is to determine by means of a field Orsat the 
point at which carbon monoxide disappears from the flue gases. 
This method has been found to be inadequate due to the fact 
that complete analysis of the flue gas indicates the presence of 
unburned gases considerably in excess of that shown by the field 
Orsat. In Fig. 4 of this discussion the relation between the losses 
in boiler efficiency as found by the two methods of flue-gas 
analysis is indicated. This relation was brought out by Bert 
Houghton in his paper before the Third International Conference 
on Bituminous Coal. It should be noted that the loss incurred 
under operating conditions varies markedly with the per cent 
total air supplied. 

The curve in Fig. 5 of this discussion has been plotted from 
test data to demonstrate that the cinder loss also varies with 


‘ Operating Superintendent, Brooklyn Edison Company, Ine., 
Brooklyn, N. Y. Mem. A.S.M.E. 
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total air supplied. An increase in the percentage of total air 
at any rating increases the velocity of the air through the fuel 
bed with a resultant increase in the quantity and size of cinder 
carried away. It appears that the impact and hence the cinder 
loss varies as some power of the air velocity. 

Fig. 4 of this discussion shows the combined effect of total air 
on principal combustion losses. As the per cent total air is in- 
creased for the purpose of reducing the losses due to incomplete 
combustion, the dry-gas and cinder losses increase rapidly. 
Obviously, the most efficient combustion conditions exist at the 
point where the summation of all the losses is a minimum. This 
best point will occur in the vicinity of A in Fig. 4. If, on the 
other hand, the per cent total air is set at some point B as indi- 
cated by analysis with the field Orsat or at some arbitrary point 
C in an attempt to avoid possibility of incomplete combustion, 
unnecessary combustion losses will result. The location of the 
point A varies with the burning rate and should be determined 


\ 
Ale tmcaneare 


EXCEPT ASH PIT 


BOILER EFFICIENCY LOSS - PERCENT 


= 


PERCENT 


TOTAL AIR 


Fie. 4 THe RELATION BETWEEN THE LOSSES IN BOILER 
Errictency as Founp By THE Two Meruops or GAs ANALYSIS 


130 %e_ 
TOTAL AIR 


CINDER LOSS - PERCENT BOILER EFF. 


ORY AIR - 1OOOLB PER HR 


Fic. 5 Variation or Cinper Loss Wirth THE Ratio oF ACTUAL 
Arr SUPPLIED TO THE THEORETICAL AIR REQUIRED FOR COMBUSTION 


DISCUSSION 


at several boiler loads so that combustion meters may be set to 


indicate a per cent total air that varies with steam flow in a man- 


‘ner to embrace the loci of a series of points determined as point 


“A. Since the magnitude of these losses varies with each stoker 


and furnace installation, highest combustion efficiency can be ob- 


- tained only if the variable combustion losses are determined by 


use of methods similar to those described by the authors. 


H. F. Lawrence.® The writer believes it has been conceded 
rather generally that the presence of CO in the gases of com- 


~ bustion indicates the presence of unburned hydrogen and hydro- 


carbons, particularly if the CO is present in appreciable quanti- 
ties. The writer also believes it has been conceded generally that 
the unburned hydrogen and hydrocarbons increase greatly with 
increased coal-burning rates per square foot of grate surface. 
Referring to the author’s paper, note that run 10 which was at 


f the highest capacity, showed the greatest loss due to CO and 


also the least loss due to unburned hydrogen and hydrocarbons. 


4 Note, also, that run 9, which was at the same rate as run 10, 


showed less than half the CO loss and four times the hydrocarbons 
loss as compared with run 10. 
Another outstanding feature of these tests was the procedure of 


lj . . . = 
continuous operation with no recess between runs. Fig. 6 of 


‘this discussion shows graphically the changes in load with the 


percentage of increase at each change upward. The increase in 


Test # 299 100 Lb per Hr 


26% 


Test 3} 3/9 100 Lb per Hr 


33% 


Test 2 | 537 300 Lb per Hr 


36% 


Test! J i74 490 Lb per Hr 


Fic. 6 GRAPHICAL REPRESENTATION OF LoAD CHANGES OF 
No. 74 Borer Tests, Hupson AVENUE STATION 


load from test 1 to test 2 was 36 per cent; from 2 to 3, 33 per cent, 
and from 3 to 4 it was 26 per cent. These changes in load, rather 
than being small, were large and it is quite remarkable that 
changes of this magnitude were made and conditions stabilized 
within five minutes. 

In addition to the tests reported, many peak-load tests of five 
hours duration were made, during which the water was not 
weighed, but measured on the regular station instruments which 
had previously been calibrated. As these were merely load 
tests, no attempt was made to calculate efficiencies. On Novem- 
ber 16, 1933, the maximum five-hour rate was run at a load of 
607,000 Ib of steam per hr and 632,000 lb of steam per hr for a 
maximum three-hour period. Flow-meter charts transposed 
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6 American Engineering Company, Philadelphia, Mem. 
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Tests TRANSPOSED TO STRAIGHT-LINE GRAPHS 


to straight-line graphs are shown for the runs of November 16 
and 17, 1933, in Fig. 7 of this discussion. 


Davin Brownutz.? The authors have carried boiler-plant 
testing to such an advanced stage that it is interesting to con- 
sider what remains to be done in this field. Certainly one point 
is the determination, by some type of recording apparatus if 
necessary, of the amount of sulphur dioxide and sulphur tri- 
oxide in the combustion gases. Until a few years ago no method 
had been developed for determining the amount of dust and 
acid-sulphur compounds being discharged from the stack. Now, 
however, the determination of the dust content is of primary 
importance, and we are rapidly getting to the point where it will 
be just as essential to know the amount of sulphur compounds 
in the combustion gases. 

In this connection there is already one power station in Great 
Britain, namely Battersea, London, that is operating on the 
principle of the complete removal of the sulphur compounds, 
involving, it is believed, the pumping of 2000 tons of scrubbing 
water every 24 hours. The Fulham (London) station and the Tir 
John (Swansea) station, both now being erected, are also to be 
operated on similar lines, while at the Barton station (Manchester) 
experimental work on one boiler has been in progress for some 
time and the same applies to the Billingham Works of Imperial 
Chemical Industries Ltd. 

It seems to me also that in these tests at the Hudson Avenue 
station, a further minor refinement would have been the installa- 


7 Consulting Technical Chemist, London, England. Mem. A.S.M.E. 
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tion of continuous duplex gas-analyzing apparatus for the deter- 
mination of both the CO, and the CO (unburnt products) and 
also the CO, and the oxygen. 

Another main item that calls for comment is the method of 
expressing the efficiency. Thus, for example, the “efficiency of 
the steam-generating unit’ is given in the authors’ paper as 
varying from 76.2 per cent to 90 per cent, while separate items 
are included for the power consumption of some of the auxiliaries. 
Although the matter is not very clear, presumably this 76.2 to 
90 per cent steam-generating efficiency is the gross efficiency only, 
based on the total evaporation to the steam in the boilers, with- 
out regard to the consumption of steam by auxiliaries in the 
boiler house itself. Iam informed by Messrs. Hardie and Cooper, 
however, that the total auxiliary power used, but not including 
the feed pump, corresponds to 1.3 per cent to 2.3 per cent of the 
total evaporation of the boilers. 

In 1922 I published suggestions for an International Boiler 
Test Code, one of the points of which was that the efficiency of boiler 
plants should be expressed as the true net thermal efficiency, 
that is, the efficiency based upon the amount of steam available 
for useful work outside the boiler house itself, and not upon the 
actual production of steam by the boiler plant. 

That is, to use a very simple example by way of illustration, 
if a boiler plant is evaporating 100,000 lb of water per hr and 
5000 Ib of water per hr is being used to drive auxiliaries such as 
boiler-feed pumps, forced- and induced-draft fans, mechanical 
stokers, and ash and clinker conveyers, then the net thermal 
efficiency must be based upon 95,000 lb evaporation and not on 
100,000 lb. 

Messrs. Hardie and Cooper might have included in the re- 
sults of their tests, the actual net thermal efficiency and not only 
the gross efficiency. They inform me that they do not consider 
the feed pump as an “auxiliary” in the ordinary sense of the 
term, since it performs its own distinct function. Frankly, I 
cannot agree with them, although from the theoretical point of 
view the matter is difficult. 

Finally, it is impossible to work any boiler plant today without 
expending energy in forcing the feed water into the boilers and, 
in my opinion, all the energy used must be deducted in calcu- 
lating the net thermal efficiency. 

Obviously, as I have pointed out for many years, we have 
long required a proper International Boiler Test Code drawn up 
by engineers and fuel technologists who have had practical ex- 
perience in this field of engineering. 


A. G. Curistin.8 The value of this series of tests lies in the 
complete analysis of the energy distribution in the steam-generat- 
ing unit at the various loads. Certain interesting deductions of 
both practical and academic interest may be drawn from these 
data. 

A comparison of the authors’ item 74, ‘Energy loss due to 
combustible in cinders’ with item 73, “Energy loss due to 
combustible in ashpit refuse,” indicates that the former averages 
several times the latter. This would indicate that more con- 
sideration must be given on future tests to the sampling of the 
flue gases for cinders than to sampling the clinker-grinder refuse. 
The authors have developed a method of sampling the flue gases 
for cinders that appears to give correct data. 

The energy loss due to radiation and that unaccounted-for, is 
remarkably small. This indicates that proper wall construction 
and insulation can reduce heat-conduction losses into the boiler 
room to a small value. 

The draft at the induced draft fans at full steaming capacity 
of 500,000 Ib per hr is high amounting to 14.3 in. The plenum 


§ Professor of Mechanical Engineering, Johns Hopkins University 
Baltimore, Md. Mem. A.S.M.E. 
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pressure at the same load is 6 in. The total pressure is 20.3 in. 
which accounts for the comparatively large power consumption 
of the fans. The authors have not charged any of the boiler 
output to these fans. It would be interesting to know the net 
efficiency after allowance for auxiliary power. 

No data are presented on the performance of the cinder catchers 
in the removal of cinders from the flue gases. Since observations 
were undoubtedly made on this equipment, the authors might 
indicate the relative effectiveness of the cinder catcher. 

The heat balance shows that the loss from unburned hydrogen 
and hydrocarbons averages several times the loss due to CO. 
Much care has been devoted in the past to the analysis of the 
flue gases for CO while no attempts have generally been made 
to detect the hydrogen and hydrocarbon losses. Evidently 
laboratory practice and test procedure must be revised to in- 
clude the accurate determination of the larger losses due to hydro- 
gen and hydrocarbons. 

The gross efficiencies of the steam-generating unit are excel- 
lent at all loads. The performance of the stoker, as indicated by 
the low ashpit and cinder losses, was an important factor in 
securing these results. A rate of combustion of 75 lb per sq ft of 
grate area per hr for two consecutive periods of 24 hr deserves 
especial comment, particularly in view of the overall efficiencies 
obtained under these conditions. 

The authors state that both boiler and stoker were put in 
first-class operating condition for these tests. It would be in- 
teresting to know at certain outputs how the average daily ef- 
ficiency compares with test efficiency. 

Items 61 and 62 in the authors’ Table 1 appear to be based on 
boiler surface alone and do not include the very effective water 
walls. The rates of heat generation and transfer as given are 
consequently much higher than actually occur in the boiler due 
to the high rates of evaporation in the water wall. Why not 
include the area of the water walls with the boiler surface in 
setting up such average figures? 


Frank O. ELteNwoop.? In this paper we have an energy 
balance of a steam-generating unit that gives, for the first time 
to the writer’s knowledge, a very close approximation of the 
radiation from the unit, because the authors have determined 
several losses that have usually been treated as unaccounted-for. 
It is especially significant to observe that the loss due to the 
unburned hydrocarbon was low; but, in the writer’s opinion, it 
should be noted that such a result would not have been obtained 
had the furnace not been provided with ample distance between 
the fuel bed and the first row of boiler tubes, a distance in this 
case of from 30 to 40 ft. When a boiler is set too close to the 
fuel bed, as has been done in some stoker installations, this loss 
becomes of much greater magnitude, as does the cinder loss also. 
It would be of special interest to many engineers if the authors 
could give information regarding these points for some of the 
other units that have boiler tubes closer to the fuel bed. 

From the energy balance, and also from the curve in Fig. 5, 
it is apparent that the cinder loss is the serious one when ex- 
tremely high rates of firing are employed, such as 75 lb of coal 
per hr per sq ft. That this unit was able to operate at this 
phenomenal rate for 48 hr and still have no furnace trouble of 
any kind is a remarkable testimonial to the builders and operators. 
If stokers are to be operated at such high rates for prolonged 
periods of time, studies should be directed to possible means of 
reduction of the cinder loss. 

The tabulation of the data appeals to the writer as being ex- 
ceptionally clear, concise, and technically correct; his only sug- 
gestion for a slight improvement in the tabulation would be 
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DISCUSSION 


that it should also include the net efficiency for each run. This 
point becomes of increasing importance in making tests of large 
modern steam-generating units, whose performances it may be 
desirable to compare even though their fuel-burning equipment 
and auxiliaries may be entirely different. 

A long step forward is represented by the technical progress 
that is exemplified by the design and testing of this steam-generat- 
ing unit when compared with that of the so-called “boiler tests” 
of a few years ago. When one observes that the unit had no 
air preheater, the results of the tests become still more impressive, 
and one again realizes that high net efficiencies of steam-generat- 
ing units are not confined to powdered-fuel installations. 


AutTHors’ CLOSURE 


Mr. Keppler has made a careful and detailed comparison of the 
performance of the pulverized-fuel unit at Hell Gate with the 
stoker-fired unit at Hudson Avenue with allowances for those 
differences which might influence the comparative results. 
Any such method of correction as Mr. Keppler used, however, 
requires a great many assumptions, some of which are subject 
to differences of opinion. The authors believe that there is 
other pertinent information not mentioned by Mr. Keppler 
which should be considered even though it is not amenable to 
numerical evaluation. For instance, the Hell Gate unit is 
equipped with an air preheater and economizer while the Hudson 
Avenue unit has only the latter. The Hell Gate tests were of 
relatively short duration in that they varied from ten hours at 
the lowest load to two hours at maximum load, and no check 
runs were made. 

The impression might be gained from Mr. Keppler’s state- 
ments regarding the guaranteed capacity of the two units that 
the maximum test load on the Hell Gate unit was higher in pro- 
portion to the unit’s size than that on the Hudson Avenue unit. 
As a matter of fact, the maximum test loads on the two units per 
square foot of boiler surface were the same. 

The authors fail to see the justification of Mr. Gershberg’s 
method of correcting the test results to an assumed constant 
value of “radiation and unaccounted-for,” and his attributing 
the variation to differences in fuel-bed thickness between the 
beginning and end of runs. It is interesting to note, however, 
from Fig. 2 of this discussion that his ‘probable’ efficiency curve 
agrees with the authors’ curve within the limits of test accuracy 
in spite of the liberties he has taken with the original data. 

It is very easy to talk about having the condition of the fuel 
bed, its contour, thickness, etc., the same at the beginning and 
end of a run, as Mr. Gershberg does, but it was the inherent 
impossibility to estimate by eye with any degree of accuracy 
these conditions on a stoker of the size of the one under dis- 
cussion which led to the adoption of the continuous method of 
testing. The authors do not believe that on this test the varia- 
tion in the “radiation and unaccounted-for” was abnormal and 
apparently none of the other discussers thought so. Mr. Law- 
rence, who would be most interested in obtaining reliable results, 
calls the continuous method of operation an “outstanding fea- 
ture of these tests.” 

Mr. Gershberg suggests that a preliminary period prior to 
each run would eliminate the necessity of check runs. The 
authors consider that check runs are always desirable and 
especially so when testing steam-generating units because, aside 
from the question of testing accuracy, the results are subject to 
changes in the order of one or two per cent as a result of opera- 
tional factors. 

Mr. Stahl has very clearly pointed out that accurate gas 
analysis is essential to the proper setting of the boiler meters. 
In this connection, the authors have felt for several years that 
the true réle of the Orsat apparatus in formal tests of steam- 
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generating units was that of guiding the stoker operators during 
test rather than that of providing a basis for the flue-gas compu- 
tations. ; 

Referring to the variation of unburned H, and hydrocarbons, 
Mr. Lawrence points out that these tests did not sustain the 
prevailing opinion that the presence, or absence, of CO in the 
exit gases reveals the presence, or absence, of these unburned 
gases. Other tests!? have also fully demonstrated that this 
conclusion does not apply to the combustion situation encoun- 
tered at Hudson Avenue. 

Mr. Brownlie and Professors Christie and Ellenwood have 
expressed the opinion that the net efficiencies should have been 
included in the tabulated results even though the approxi- 
mate percentages of the energy output consumed by the boiler 
auxiliaries at the lowest and highest test loads were stated in the 
last paragraph under “Test Data and Results,” page 839 of 
the paper. The net efficiencies for each run are given in Table 2 
of this discussion. 


TABLE 2 NET EFFICIENCIES OF STEAM-GENERATING UNIT 
Run number 1 2 3 4 5 
Net efficiency, per cent 88.8 86.1 81.1 82.0 82.8 
Run number 6 ai 8 9 10 
Net efficiency, per cent 84.2 86.6 87.3 74.4 (ieee 


It should be noted that there is no standard set of assumptions 
as to what primary data shall be employed in computing net 
efficiencies. For example, a difference of opinion exists as to 
whether the feed pump shall be regarded as an auxiliary. While 
Mr. Brownlie prefers to consider the feed pump as a boiler 
auxiliary, Professor Ellenwood" takes the opposite point of view. 
The authors regret that they are unable to report for Mr. Brown- 
lie’s information the energy consumption of the feed pump 
because it was not measured during test. 

Another reasonable difference of opinion among engineers is 
whether the electrical energy consumed by the auxiliaries shall 
be charged on the basis of the average station heat rate which 
includes standby losses, etc., or whether the combined heat rate 
of the test boiler and the turbine which it supplies during each 
test is the proper one to use. The latter would conform more 
nearly to the practice in the case of steam-driven auxiliaries but 
the combined heat rate of a single boiler and turbine for each 
test period is not generally available from the station records. 

The net efficiencies given in Table 2 of this discussion were 
computed excluding the boiler feed pump as a boiler auxiliary 
and using the average net fuel rate of the station. The details 
of the procedure used are described in Barnard, Ellenwood, and 
Hirshfeld’s, “Heat Power Engineering,” part 2, page 443. 

In answer to Professor Christie’s inquiry concerning the 
efficiency of the cinder catcher, the “wet?” type of cinder catcher 
used on this unit has shown test efficiencies of 80 to 90 per cent ~ 
at ordinary loads. 

Professor Christie mentions the authors’ statement about 
putting the boiler and stoker in prime operating condition and 
asks how much effect this had upon improving the efficiency. 
The cleaning of the boiler and maintenance work on the stoker 
were the same as is done at regular intervals and, therefore, 
resulted in small improvement over average performance. The 
extra supervision of the stoker operation, however, aided by the 
Orsat readings may have resulted in greater improvement than 
the cleaning of the boiler. For average daily operating efficiencies 
reference should be made to Table 5 of “Ten Years of Stoker 


10 “Reducing the Unaccounted-For Losses in Boiler Tests,” by 
W. F. Davidson, Report presented to the Fuels Division, A.S.M.E., 
at the Chicago Meeting, 1931. 

11 “Blements of Heat Power Engineering,” by Barnard, Ellen- 
wood and Hirshfeld,”’ John Wiley and Sons, New York, N. Y. 
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Development at Hudson Avenue,”’!? by J. M. Driscoll and W. 
H. Sperr. 

The authors agree with Professor Christie that Items 61 and 
62 in Table 1 of the paper would have been more nearly correct 
had the water-wall surface been included in reporting the steam 
generated and heat transferred per square foot of boiler surface. 

The comparative information requested by Professor Ellen- 
wood regarding cinder loss in boiler units having low and high 
settings may also be found in Fig. 11 of the paper by Driscoll 
and Sperr previously mentioned. It will be noted from this 
figure that the height of the setting has little or no effect upon the 
cinder loss. However, a marked reduction in the hydrogen 
and hydrocarbon losses was obtained on this unit as compared 
to older units with lower setting. Possibly some of this improve- 
ment was due to the zoned-air control. 


The Elastic Properties of Steel at 
High Temperatures’ 


Lro H. Hatu.? It seems that caution is needed in using Mr. 
Versé’s method for measuring temperature when applied to 
static tensile tests. 

In the first place, a wire supported and heated as the author 
describes, cannot be at uniform temperature throughout, since 
heat is being conducted away at the supports and at the loading 
point without a corresponding loss at intermediate points. In 
the writer’s experience in measuring electrical resistivities at 
high temperatures, this lack of uniformity of temperature has 
sometimes been observed to increase rather than decrease by 
insulating the wire and, in a metal such as steel which has a 
fairly high temperature-resistance coefficient, it is sufficient to 
vitiate results obtained by the use of this method, at least in 
measuring resistance. 

This means that the temperature read by resistance in a set-up 
such as the author describes is not a true temperature, but a 
composite of the temperatures of different parts of the wire. 
The elastic properties observed are also composites of those 
existing over a range of temperatures. Since the elastic proper- 
ties do not vary linearly with resistance, it is evident that errors 
may be introduced by the use of this method. The magnitude 
of the error depends on the temperature gradient along the wire, 
which is in turn determined by its specific heat, conductivity, 
diameter, length, and surface roughness. That it is not in- 
significant may be judged from the fact that in similarly sus- 
pended insulated wires, differences of temperature of more than 
100 C have been measured between points 2 ft apart, neither 
point being at the support. 


“Ten Years of Stoker Development,” by J. M. Driscoll and 
W. H. Sperr, Trans. A.S.M.E., vol. 57, no. 2 (February, 1935), paper 
FSP-57-3. 

1 Paper by Guy Versé, published in the January, 1935, issue of 
the A.S.M.E. Transactions. 

2 Mem. A.S.M.E. 
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Another source of possible error lies in the fact that the 
electrical resistivity of some metals is known to vary between 
the unstressed and the highly stressed conditions, at least at 
room temperature. It is the writer’s recollection that some very 
considerable variations have been observed. So far as he knows, 
no tests have been made to determine whether such variations 
persist at higher temperature, or whether they increase under that 
condition. 

While the method used by Mr. Versé is highly ingenious and 
has the merit of great simplicity, it should be borne in mind that 
it is limited as to accuracy and, that under some conditions, it 
entails considerable error. It would be of interest to learn how 
the author calibrated his device. 


AurTHorR’s CLOSURE 


Mr. Hall’s remarks were expected and, in an unabridged thesis 
presented to the University of Michigan, they were answered as 
follows: 

1 Regarding the non-uniformity of temperature along the 
specimen, it is true that such an error is present in our measure- 
ments but, however, it is not of important magnitude. In ac- 
curate measurements made in the physics department of the 
University of Michigan, where a similar method is used for the 
measurement of the coefficient of expansion of metals, it was 
determined that the effect of the end supports is not felt over a 
distance larger than 2 in. from the support. The length of the 
wire being 125 in., and an averaging effect taking place in both the 
measurements of # and of the electrical resistance, the resultant 
error is very small. Indeed, if # and the electrical resistance 
should vary linearly with .temperature, there would be no error at 
all. 

2 Regarding the possible variation of the electrical resistance 
with the stress condition, the stresses were kept very low in our 
tests so as to reduce this error to a negligible value. 

3 The preliminary calibration was made on a sample of the 
wire at the following standard temperatures: 


Freezing: pointio£ waters... anno sven natant eee ae ae oC 
Boilingepoimtioberpateran ere ectersrcs) seit eae ea eee tence enone 100 C 
Boiling pomtiotnaphthalene..2.ysus eee cei eieerniene 219C 
Boilingepointrorsulpburss.aemsa cree cere rae 445 C 


For these calibrations, the standard equipment for the calibra- 
tion of resistance pyrometers was used. The electrical resistance 
of the sample as well as that of the wire was measured by means 
of a potentiometer and a standard resistance. The standard 
resistance was made of an alloy the resistance of which varied 
but little with the temperature. Besides, this resistance was very 
small so as not to undergo any appreciable heating, and more, 
over it was kept at a constant temperature by a flow of com- 
pressed air. In every case the length of the wire was measured 
at 25 C, so that the calibration automatically takes care of the 
thermal expansion. 

Finally, it is pointed out that Mr. Hall’s remarks do not per- 
tain to our statie-torsion tests, which also showed the existence 
of Professor Timoshenko’s high-temperature strain-hardening 
effect and the advantages of Dr. Everett’s unloading method. 
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Photoflow Method of Water Measurement 


By W. M. WHITE! ano W. J. RHEINGANS,? MILWAUKEE, WIS. 


This paper is written to reestablish the pitot tube as a 
useful and accurate instrument for measuring the flow of 
water. Difficulties in the measurement of water by the 
pitot tube have been caused by errors introduced in the 
measurement of the static pressure and such errors as are 
caused by changing distribution of flow across the measur- 
ing section while a traverse is being made. 

Recent tests indicate the proper form of piezometer to 
use in order to determine the true static pressure of flow- 
ing water. The errors caused by changing distribution of 
flow can be eliminated by the photoflow method described 
in the paper. This method involves the photographic 
recording of the differences in pressure of pitot-tube 


graphic recording of the differences in pressures of pitot- 

tube points positioned throughout the cross-section of 
flow, and piezometer connections positioned to indicate the pres- 
sure across the section of flow. The method as here described 
has particular reference to closed circular conduits although 
it is not limited in its application to this specific case. 

Reference is made to a paper by one of the authors‘ in which 
it was determined by a series of experiments that the pitot-tube 
point, if constructed as an orifice bounded by a surface of revolu- 
tion, transformed velocity impinging exactly axially into pres- 
sure exactly according to the law V = \/(2gh), regardless of the 
form or extent of its exterior walls. At the time this paper was 
presented, there was considerable controversy regarding the 
pitot-tube formula, some advocating V = V (2gh) while others, 
notably the late William Kent, author of ‘Kent’s Mechanical 
Engineers’ Handbook,” and Prof. I. P. Church, author of 
“Mechanics of Engineering,” both maintained that the formula 
should be V = /(gh). The conclusiveness of the experiments 
in the paper referred to was indicated by the fact that Kent and 
Church changed the pitot-tube formula from V = (gh) to V = 


v NHE photoflow method? of water measurement is the photo- 


1 Manager and Chief Engineer, Hydraulic Department, Allis- 
Chalmers Manufacturing Company. Mem. A.S.M.E. Dr. White 
received his M.E. degree from Tulane University and served as engi- 
neer with the New Orleans Drainage Board from 1899 to 1902, and 
as hydraulic engineer and chief engineer in the I. P. Morris Depart- 
ment of Wm. Cramp & Sons Ship and Engine Building Company 
from 1902 to 1911, where he was in charge of hydraulic work for the 
company, including design and building of large hydroelectric instal- 
lations among which was the plant at Niagara Falls. Since 1911, Dr. 
White has served in his present capacity with the Allis-Chalmers 
Mfg. Company. In 1930, he received the degree of Doctor of Science 
from Tulane University. 

2 Test Engineer, Hydraulic Department, Allis-Chalmers Manu- 
facturing Company. Mr. Rheingans was graduated from the 
University of Wisconsin in 1920 with a B.S. degree in civil engineer- 
ing and entered the employ of the Allis-Chalmers Manufacturing Com- 
pany the same year where he has been engaged in testing and research 
work in the Hydraulic Turbine Department. 

3 Method patented by D. W. Proebstel, October 11, 1927, U.S. 
Patent 1,645,449. 

4“The Pitot Tube; Its Formula,” by W. M. White, The Journal 
of the Association of Engineering Societies, vol. 27, August, 1901, p. 35. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting, New York, N. Y., December 4 to 8, 1933, of Tux 
American Socinry or MecHANIcaL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1935, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


points, positioned throughout the cross-section of flow, 
and piezometer connections positioned to indicate the 
pressure across the flow section. By making a simul- 
taneous record of all the readings across the section, 
errors caused by changing distribution of flow are elimi- 
nated and a large number of measurements can be taken in 
a short interval of time. 

The photoflow coefficient as determined by volumetric 
measurement for highly disturbed flow in a closed conduit 
was found by test to be 0.971. A coefficient of 0.976 for 
the photoflow method as applied to the flows normally 
encountered in closed conduits should give an accuracy of 
0.5 per cent. 


4/(2gh) in the subsequent editions of their books. From then 
on, V = +/(2gh) was generally accepted as the true pitot-tube 
formula. 

The same paper also pointed out that one of the reasons for the 
necessary application of a coefficient in connection with the 
pitot tube was because of the difficulty in securing the real 
pressure properly applicable to the case in question. A recent 
paper presented to the Society® sets forth information as to the 
form and shape and arrangement of piezometer openings by 
which the direct water pressure may be measured in conduits. 
A study of this paper and of the various piezometer connections 
discussed will indicate one of the real causes of former difficulties 
in the measurement of water by the pitot tube. 

The information contained therein, together with the tests 
recorded in “The Pitot Tube; Its Formula”! show why a pitot 
tube with the piezometer located in certain positions on or near 
the pitot-tube point, has to be rated and why a coefficient, 
which can properly be called the piezometer coefficient, must be 
applied to the readings. It was also found that tubes with 
piezometer openings placed in the path of the water are extremely 
sensitive to angular flow and subject to considerable error when- 
ever other than straight flow is encountered. 

Sufficient published data are now available to enable one ex- 
perienced in the art to construct proper piezometer connec- 
tions on the periphery of a straight cylindrical conduit such that 
the pressures of the water throughout a given cross-section may 
be properly indicated, thus eliminating all necessity for rating the 
pitot tube to obtain the piezometer coefficient and eliminating 
possibility of error in the static-head readings caused by angular 
flow. 

The present art provides means for determining the correct 
velocity head in water flowing in straight conduits when the 
water flows in straight stream lines. However, in actual prac- 
tice, straight streamline flow is never encountered. The parti- 
cles of water move spirally, intermingle, and roll from center of 
pipe to pipe wall and back to center continuously, but without 
great loss of position in the travel of the flow. It has been shown 
that the introduction of a salt solution at a section in a conduit 
will diffuse throughout the mass of water within a reasonably 
short distance in the travel of the water, but the salt remains 
substantially together as a plug in its forward travel through the 
conduit. This is indicated by the fact that the salt solution 
at the outer periphery of the conduit will lag only a short distance 
behind the solution in the center of the pipe at a section which 


5 “Piezometer Investigation,’’ by C. M. Allen and L. J. Hooper, 
Trans. A.S.M.E., vol. 54, 1932, paper HYD-54-1. 
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may be a thousand feet or more from the point of introduction. 
Since the velocity of the water at the center of the conduit is 
considerably greater than at the sides, this can only mean that 
there is a sidewise motion of the water in its flow and that ac- 
cordingly the particles of water must move at greater absolute 
velocity than the average axial flow along the conduit. The 
pitot-tube point, therefore, encounters not axial flow but angular 
flow. 

If the pitot-tube points recorded the true pressure correspond- 
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ing to the resolved axial ve- 
locity of such angular flow no 
coefficient of any kind would 
be required since now correct 
pressure in the section of flow 
can be secured. The pitot tube, 
however, does not indicate the 
direct resolved velocity and it 
has been found necessary to in- 
troduce a coefficient for this 
peculiarity of the pitot-tube 
point. 

In the paper “The Pitot 
Tube; Its Formula,’’4 the 
author records the fact of his 
experimentation “‘with nozzles 
of different shapes moving 
through water and placed at 
different angles with reference 
to the line of motion.” Ina 
carefully prepared paper pre- 
sented to the Engineers’ So- 
ciety of Western Pennsylvania‘® 
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to large angles that the value of the coefficient does not decrease 
in proportion to the change in angularity but beyond 40 deg it 
actually reverses and starts to increase. 

Recent tests made on the exact design of pitot-tube point 
used for the Little Falls Pumping Station tests hereinafter de- 
scribed, showed similar angular-flow coefficients and characteris- 
tics. To determine these coefficients, this pitot-tube point was 
placed at the center of a 12-in.-diam pipe on the discharge end 
of a centrifugal pump and was mounted so that it could be rotated 
to any desired angle from the axis of the pipe. The flow was 
made as straight as possible with baffles. 

The discharge of the pump was adjusted to maintain a con- 
stant velocity of 5 fps at the center of the pipe. Velocity-head 
readings were then taken at 0 deg and for every 5-deg angle of the 
axis of the pitot-tube point from the axis of the pipe on both sides 
of the centerline up to about 50 deg. These tests were repeated 
four times. 

The indicated velocities were computed, averaged for the 
four tests, and plotted against the angles as shown in Fig. 2. 
The resolved velocity at a given angle was obtained by multi- 
plying the axial velocity by the cosine of the angle. The mea- 
sured velocity was then computed as a percentage of the resolved 
velocity and was plotted as shown. 

Fig. 3 shows an outline of the Little Falls tube and a comparison 
of its angular-flow coefficients with those of the similar pitot tube 
B shown in Fig. 1. The close agreement of the results obtained 
by these two differently conducted experiments is rather remark- 
able. 
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is recorded a very complete 
series of experiments on the 
coefficients for different shapes 
of pitot tubes for various angles 
of flow. Fig. 1 shows the re- 
sults of these experiments and the outlines of the tubes used. 
From Fig. 1 it will be seen that for certain types of pitot tubes 
(B, E, and F) the coefficient varies from 1.00 to 0.96 for a maxi- 
mum angle of flow of 25 deg, which angle is greater than can be 
ordinarily expected in even the very worst conditions of flow. It 
will be noted in the cases where the experiments were carried out 
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6 “Measurement of the Velocity of Flowing Water,” by Lewis F. 
Moody, Proceedings of the Engineers’ Society of Western Pennsyl- 
vania, vol. 30, no. 4, May, 1914. 
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In addition to the variation in direction of flow, turbulence 
also affects the readings of the pitot tube because of the varia- 
tion of velocity from instant to instant, accompanied by an 
oscillation of the water column in the tube and its connec- 
tions. 

The pitot-tube reading will not give the exact head correspond- 
ing to the average velocity over an interval of time but will tend to 
indicate the mean head which corresponds to the mean square 
of the velocity. This must theoretically always be in excess of the 
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tions within a conduit. 
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head corresponding to the mean velocity, and has the effect of 
decreasing the pitot-tube coefficient of measurement. 

However, Moody in the paper® previously referred to states 
that tests made with oscillating velocity showed that the effect 
on the pitot tube was very slight. 

Although we now have exact means for indicating, recording, 
and determining axial flow, the experiments cited all show 
that when the angular flow encountered in all conduits is being 
measured, a coefficient must be applied which lies not so much to 
the pitot tube but rather to correct for flow conditions. 

The worst flow conditions at the point of the pitot tube and an 
angular flow of an even 30 deg shows that the coefficient of a suit- 
able pitot-tube point such as dimensioned in Fig. 3 will not be 
less than 0.97. Since the angular flow in conduits at velocities 
usually encountered is probably more than 10 deg, in which 
event the coefficient is about 0.98, the maximum range of the co- 
efficient for the photoflow method as herein described conse- 
quently lies within narrow limits. 

It is therefore claimed by the authors that the adoption of 
0.976 as the coefficient for use with the photoflow method in cir- 
cular conduits as here set forth should have an accuracy of 0.5 per 
cent because of the narrow range limit of the coefficient for vari- 
ous conditions of flow. 

The many calibrations of the pitot tube with a known velocity 
of flow and with properly constructed piezometers have shown 
coefficients of measurement of about 0.976 as most generally 
applicable for normal flow conditions. 

The calibration of the photoflow method set forth in this 
paper, based on volumetric measurement of water, determines 
the coefficient of 0.970 to 0.973 for the case of extremely disturbed 
and cross-current flow, and represents therefore about the lower , 
limit of the coefficient for this type of tube in circular conduits. 

The photoflow method was originally developed by D. W. 
Proebstel who used it for the first time to measure the discharge 
at the Bull Run Plant of the Portland Electric Power Company in 
1924.7 The feature which distinguishes this method from the 
ordinary pitot-tube traverse is the photographic recording during 
a fraction of a second of all the readings of multiple pitot-tube 
points rigidly fixed throughout the measuring section. 

This has numerous advantages. Foremost of these is the 
recording of all the pitot-tube readings simultaneously, thereby 
eliminating the inaccuracies inherent with the traverse methods 
because of the changing distribution of flow found at all sec- 
Even though the rate of flow is kept 
absolutely constant during the period of time required for 
making a determination of the quantity flowing, there is a con- 
tinual shifting around and a rearrangement of the velocity at 
any given section. Tests show that the variations of velocity 
within the section may become quite large, particularly in dis- 
turbed or turbulent flow, where instances of a 30 to 50 per cent 
change of velocity at one point have been recorded, without an 
appreciable change in the rate of flow. 

The velocity changes may take place during the comparatively 
short time of a few seconds, but whether the change at one 
point is fast or slow, there must always be an immediate and 
opposite change at some other point or points in order to main- 
tain the continuity of flow in the conduit. 

The frequency of the changes is usually very irregular. In 
some of the flows observed the velocity distribution would go 
through a complete cycle in 2 min and again it might take 10 
min. Even then it was found that with observations taken at 2- 
min intervals, no two sets of flow-distribution records out of ten 
observations were ever exactly alike within the possible limits of 
accuracy. 

7“Measuring Water Flow in Conduits,’”’ by D. W. Proebstel, 
Electrical World, April 4, 1925, p. 711. 
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This changing distribution of flow occurring at all sections 
within the conduit has heretofore been the source of considerable 
error in the pitot-tube traverse method or in any other method in 
which velocities across a section are determined in rotation. The 
time required to make the traverse is usually such that the flow 
distribution may pass through several complete cycles before all 
readings are completed. Velocities in one portion of the section 
are likely to be determined during one phase of the cycle, and 
those in another portion during a different phase. Thus, accurate 
determination of the average velocity is nearly impossible with 
the former methods. 

By use of the photoflow method, however, the velocities across 
the entire measuring section are recorded simultaneously and the 
possibility of obtaining values of velocities at different points at 
varying phases of the distribution cycle is eliminated. It is 
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therefore possible to make accurate determinations of the rate of 
flow with this method no matter how great the changes in velocity 
at any point within the measuring section. 

In addition to the large variations in velocity at points within 
the measuring section, there are also the small fluctuations of high 
frequency found on all water columns connected to conduits con- 
taining flowing water. 

Whenever these fluctuations are caused by variations in the 
statie pressure, the pitot-tube and piezometer water columns 
will all move up and down together. With the photoflow method 
the speed of the camera can be adjusted by the use of artificial 
light so as to make the moving water columns appear to be 
standing still, and a true and simultaneous reading of all the 
connections will be obtained. Since the piezometer readings are 
subtracted from the pitot-tube readings to obtain the velocity 
head, fluctuations common to all the connections such as produced 
by variations in the static pressure will therefore have no effect 
on results obtained by the photoflow method. 

The high-frequency fluctuations in the water columns, which 
may be caused by small variations at individual points in the 
section, will have a tendency to cancel each other. With a large 
number of pitot tubes the possible error from this source becomes 
relatively small. 

Another advantage of the photoflow method is the short 
period of time required to record the readings. Photographs of 
the different velocities can be taken at the rate of about two 
per minute and for special cases a motion-picture camera can be 
used. This means that twenty determinations of the mean velo- 
city across the measuring section can be made during a normal 
10-min test run. Since, for the very worst conditions of flow, 
ten such determinations would give a high degree of accuracy, 
this method is capable of far greater accuracy than a pitot-tube 
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or a current-meter traverse where it sometimes takes several 
hours to make one such determination of the average velocity, 
and where the cost of making ten determinations at each gate 
setting tested would be excessive. 

The number of measurements of the mean velocity of the en- 
tire section which can be made at regular intervals during a 
short period of time will also permit accurate measurements to 


rion Bea 


be made of such fluctuating flow as will sometimes be encoun- 
tered. 

The cost of making a photoflow test is exceptionally low. No 
expensive equipment is required. The cost of the films or 
plates is negligible. Developing the plates and printing the 
pictures at the site saves time and reduces this item of expense. 
The pitot-tube points can be turned out in quantity lots at a 
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nominal cost. The installation of the pitot tubes, the gridwork 
upon which they are fastened, and the gage connections have 
been found to be less costly than the usual current-meter rigging. 
The operating personnel can be reduced to one man who can 
take the photographs, develop the plates, print the pictures, and 
compute the discharge. Therefore, from a viewpoint of cost, 
the photoflow method compares favorably with any other 
method of measuring quantity of water. 

An example of the application of the photoflow method under 
extremely unfavorable conditions is the acceptance test made 
at the Little Falls Pumping Station at Little Falls, New Jersey, 
on two 900-hp, 32-ft head, propeller-type turbines. Fig. 4 is a 
general plan view of the plant from the forebay to the tailrace. 
Fig. 5 is a section of the penstock and turbine showing the loca- 
tion of the pitot tubes. 

The contract with the Passaic Valley Water Commission 
specified that the water be measured by current meter, salt 
titration, or pitot tube. Local conditions limited the current- 
meter measuring section to a narrow tunnel in the tailrace under- 
neath the power station. Because of the disturbed flow in 
these tunnels, it was questionable whether current-meter measure- 
ments would prove to be satisfactory. Salt titration was con- 
Therefore, 
only the pitot-tube method remained. The choice of a measur- 
ing section was limited. The large 12-ft-diam penstock was 
buried underground and under buildings and was practically 
inaccessible. The velocities in this penstock were low, being 
about 21/. fps for one turbine at full gate. The 61/.-ft connect- 
ing penstock was full of bends and elbows but finally the short, 
straight section on the upper bend was selected, as is indicated in 
Figs. 4 and 5. 

Those familiar with pitot-tube measurements would say that 
this was a very poor place for the use of pitot tubes. However, 
as will be shown later, the results obtained fully justified the 
confidence placed in the photoflow method as a means for measur- 
ing turbulent flow. 

In the photoflow method, the number of pitot tubes to be used 
depends upon the size of the section, the nature of the flow, and 
the accuracy desired. In this case the measuring section was 
divided into three equal areas by three concentric circles. A 
pitot-tube point was located at the center of area of each of these 
circles on three equally spaced diameters, giving a total of 18 
points located in the center of eighteen equal areas, as shown in 
Fig. 6. An additional point was located in the center of the 
penstock. It was assumed that the 18 points in this size of pen- 
stock were sufficient to give consistent results in highly turbulent 
flow. The test results obtained proved that this assumption was 
correct. 

The pitot-tube points were mounted on a streamlined gridwork 
with their impact ends 2 in. upstream from the plane of the grid. 
This was for the purpose of getting them away from the influence 
of the obstruction to flow incidental to the grid. Where the 
supports have to be made fairly heavy, this distance should be 
increased. 

Six piezometers for determining the static head at the pitot- 
tube section were located in the wall of the penstock and were 
equally spaced around the circumference, as shown in Fig. 6. 

All of the pitot-tube points and piezometers were connected 
to separate glass-tube gages on a single gageboard. The upper 
ends of the glass tubes were connected to a common manifold. 
Water-column elevations in the glass tubes were adjusted by 
means of air pressure in this manifold. For low pressures, a 
vacuum in the manifold can be used to raise the water columns. 
For very low velocities oil can be used above the water instead of 
air to increase the differential readings. 

Shut-off valves, blow-off valves, and drain valves were pro- 
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vided for manipulation of the gages although none of the connec- 
tions were throttled. A 5 in. X 7 in. Graflex camera was used 
for recording the readings. This was found to be about the 
smallest size print easily readable without enlargement. 

Figs. 7 and 8 are photographs taken during a test run at 0.65 
gate on Unit No. 4. The gages are numbered from left to right 
starting with No. 2 on the left, and correspond to the numbering 
shown in Fig. 6. 

Tables 1 and 2 show the calculations made from these 
photographs in arriving at the average velocity for the section. 
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The six piezometer readings were first averaged and then sub- 
tracted from the pitot-tube readings to obtain the velocity head. 
The velocity for each point was computed and the average indi- 
cated velocity obtained by taking the arithmetical mean. Pitot 
tube No. 14 was not included in this average because it was at the 
center of the penstock and not at the center of area of one of the 
18 equal areas. Multiplying the average indicated velocity by 
the pitot-tube coefficient and by the area of the measuring 


278 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


section gave the discharge. The pitot-tube coefficient was deter- 
mined by volumetric measurement as will be shown later. a ines Pressure: « Picchbabe 2 Velonty Velocity, 
Figs. 7 and 8 and Tables 1 and 2 show the large variation in number gagerdgs gagerdgs head, ft fps 


TABLE 1 ee READINGS SHOWN IN 


velocity which occurred at certain points, such as Nos. 8, 12, and : 1ee 4 ge Wy 
i ‘ ‘ing t ‘aldischarge. For instance, the varia- 4 1.555 os wes .. 
20, without affecting the total discharge t r rhb spite ¥ao0 Ree 
6 2.741 1.411 9.54 
T_T ere ERTS ie 8 si 6 2.508 1.178 8.72 
4 4 ee ; % 8 2.062 0.731 6.87 
9 2.580 1.250 8.98 
10 2.819 1.489 9.80 
11 2.316 0.986 7.98 
12 2.312 0.982 7.96 
13 1.960 0.630 6.38 
14 1.903 0.573 6.08 Center 
15 2.730 1.400 9.51 
16 3.003 1.673 10.39 
17 1.875 0.545 5.93 
18 2.349 1.019 8.11 
19 2.100 0.770 7.05 
20 1.790 0.460 5.45 
21 2.760 1.430 9.60 
22 wate 2.975 1.645 10.30 
23 ciate 2.740 1.410 9.54 
24 1.395 ae cies * 
25 1.081 
26 1.078 
7.979 151.35 


Average = 1.330 


151.35/18 = 8.41 average indicated velocity; angular-flow coefficient = 
0.97; 8.41 X 0.97 = 8.16 average velocity; area = 33.13 sq ft; 33.13 X 
8.16 = 270.4 cfs. 
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[Gage Pressure Pitot-tube Velocity Velocity, 
number gagerdgs gage rdgs head, ft fps 
2 1.292 stake ad ce 
Fic. 7 Prrot-Tusr anp PiszomeTer Reapincs Durine a 0.65- : raat vee a + 
Garp Test on Unit No. 4 at Lirrne Fatis Pumpine Srarion. 5 aie 2° 669 11345 9°31 
Tur Water Cotumns ArE NUMBERED FRoM Lert To Ricut STart- 6 2.742 1.418 9.56 
inc WitH No. 2 on THE Lerr AND Enpine WitH No. 26 on THE ff g282) a Bas eae 
Ricutr. Coiumns 2, 3, 4, 24, 25, AnD 26 Arm PizzoMETER READINGS. 9 2.739 1.415 9°55 
Tur RemainDEeR ARP Pitot-TusE READINGS 10 2.728 1.404 9.52 
ua 2.170 0.846 7.39 
12 2.045 0.721 6.82 
13 1.900 0.576 6.10 
14 2.125 0.801 7.19 Center 
15 ofc 2.820 1.496 9.82 
16 aoc 2.990 1.666 10.35 
ble Sele 1.790 0.466 5.48 
18 Secs 2.338 1.014 8.09 
19 pach 2.152 0.828 7.31 
20 ARC 1.910 0.586 6.15 
21 ee 2.841 1.517 9.87 
22 ene 2.948 1.624 10.25 
23 eS 2.690 1.366 9.39 
24 1.377 ro KM : 
25 1.096 
; 26 1.069 
3 7.943 151.28 
Average = 1.324 


151.28/18 = 8.405 average indicated velocity; angular-flow coefficient = 
0.97; oeee X 0.97 = 8.15 average velocity; area = 33.13 sq ft; 33.13 X 
8.15 = 270 cfs. 


TABLE 3 ‘DISCHARGES AS DETERMINED BY PHOTOFLOW 
METHOD ON UNIT Bh LITTLE FALLS PUMPING 


TION 
Probable 
Max. varia- error by 
tion in dis- method of 
Photo Discharge, Average charge, least squares, 
Gate no. cfs discharge per cent per cent 
0.400 413 121.5 
414 122.6 
415 121.5 
416 123.4 
2 i a : : 417 122.3 ay, es elt 
Fic. 8 Tuts PHorocrapH Was TAKEN SEVERAL Minutes AFTER 418 123.2 122.4 1.6 0.20 
THE ONE SHOWN IN Fic. 7 DurING THE SAME Test Run. CoLuMNS pore 
8, 12, anp 20 SHow THE VARIATION IN VEeLOcITY WITHOUT AN AP- 0.575 oe aiea ay 
PRECIABLE CHANGE IN DIscHARGE 366 218.1 - 
367 218.4 a 
tion in velocity for Figs. 7 and 8 at point No. 12 was 18 per cent, ae Saye 218.5 1.7 0.16 
and several other points had as much as 10 per cent variation, but 0.700 394 rhe oe ee 
the difference in total computed discharge was found to be only 395 208.8 
396 299. 
0.2 per cent. 397 299.4 
ij i > ‘ a1 j ¢ 398 299.8 Sate Te ane 
With the pitot tubes located on three straight lines across the 399 sors 299:9 0'8 0/09 


measuring section, it was possible to draw velocity curves for ——————-——— 


the area underneath the curves. 


' sufficient to give consistent and accurate results. 
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three diameters and determine the average velocity by integrating 
This was done for a number of 
tests but the results checked so closely with those obtained by 
taking the average of the 18 readings at the centers of equal areas 
that the latter method was used for all tests with a considerable 
saving of time and work. 

It was found that six photographs for each test run were 
With a test- 
run duration of 10 min this meant a photograph every 2 min. 
Table 3 shows the discharges as determined from these photo- 
graphs at each of three gate settings. The variation of 1.7 per 
cent between the maximum and minimum discharge at 0.575 
gate may seem rather large at first glance but by taking an aver- 


age of six measurements the probable error was reduced to 0.16 


per cent as computed by the method of least squares. By in- 


. ereasing the number of photographs taken during any one run, the 


probable error could be reduced still more but this was con- 
sidered unnecessary for these tests. 

As an indication of the consistency of results obtained with the 
photoflow method, the discharges were plotted against the gate 
opening as shown in Fig. 9. The small deviation from a smooth 
curve is all the more remarkable in view of the poor measuring 
section and the widely fluctuating distribution of flow as was 


0.8 
Gate Opening, Governor Dial 


a2 0.3 0.4 0.5 0.6 0.7 


Fic. 9 DiscHarace Curves BY THE PHoTOFLOw MeETHOD ON 
Two Units av Lirrnm Fauus Pumpine Station, SHow1na Con- 
SISTENCY OF Resuvts OBTAINED BY THIS MEeTHoD 


Unit No. 4 has an adjustable 
blade runner which accounts for the difference in the two dis- 
charge curves. 

One of the interesting features of these tests was the static- 
head reading of the six piezometers. An analysis of the records 
in Figs. 7 and 8 and in Tables 1 and 2 shows that although there 
was considerable variation in the static pressure, in each instance 
the average of two readings diametrically opposite was the same 
as the average of any two other opposite readings. Further- 
more, the difference between, say, piezometer No. 6 (Fig. 6) and 
No. 25 was the same as the difference between No. 2 and No. 26, 
etc. This is shown graphically in Figs. 10 and 11 where the 
pressures are plotted against both the horizontal and vertical 
distances across thé penstock. 

The full lines connecting the readings are practically parallel 
and indicate the relation between the readings in a given direc- 
tion. The dash lines connect readings diametrically opposite 
and show the close agreement of the averages at the center of the 
penstock. This led to the conclusion that the pressure across the 
penstock was largely dependent upon the centrifugal force pro- 
duced by a change of direction of the path of the water. Theo- 
retically this pressure varies as the square of the radius of the 
curved path, but since the distance across the penstock is small 
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compared to this radius, very little error is introduced by as- 
suming that the préssure varies directly as the radius. 

Using this latter relationship to determine the actual pressure 
at each pitot tube, new velocities were computed for several of 
the tests but the final average velocity thus obtained checked very 
closely with that obtained by using the average of all the piezome- 


Reading, Feet 


0 1 2 3 4 5 6 cu 
Horizontal Distance Across Penstock, Feet 


Fie. 10 Inter-RELATION OF PressURE RerapIncs TAKEN FRom 
Fre. 8, SHowine Way PiezoMETERS FOR CLosep ConbDuIts SHOULD 
Auways Br Locatep 1n Parrs, DIAMETRICALLY OpposiITE EacH 


OTHER 
i SI 
r S 
c 
1.6 S| 
“ | Rell a 
® RS 
o en} 
wala ne 224 
: a > 
£ 
Bare 
vo 
a “ih te ed 
| a —T =| aaa 
| } 
0.8 L | 
ty) 1 2 3 4 5 6 7 


Vertical Distance Across Penstock, Feet 


Fic. 11 Inver-RELATION oF PressuRE RwADINGS TAKEN FROM 
Fie. 8 
12.4 Ii 
L 
12.2 
at 
o 
2 12.0 + 
Gi | io aa 
8 11.8 
a + jee 
11.6 = 
T 
1.4 
0 4 5 6 7 
Horizontal Distance Across Penstock, Feet 
Fic. 12 Inter-RELATION oF Pressurm Reapines at SECTION 


A-A, Fic. 6, Witn a Discuarce or 286 Crs. Taxis Is ANOTHER 
Inpication Wuy Pimzomerprs in Cuosep Conpurts SHOULD Br 
Locatrep DIAMETRICALLY OpposiTtp EacH OTHER 


ter readings as was done in the computations shown in Tables 
2 and 3. 

Fig. 12 shows the pressure readings of the four piezometer 
connections at section A-A, Fig. 6, at the entrance to the scroll 
case. This is another example of the relation between pressure 
reading and radius of curvature of the path of the water. In this 
case the pressures are affected by the bend in the penstock 
directly upstream from the section and by the beginning of the 
scroll-case curvature. 
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In measuring the static pressure in closed conduits it is, 
therefore, most important that the piezometers be located dia- 
metrically opposite each other and that an even number of piez- 
ometers such as two, four, or six be used instead of one, three, or 
five, etc. 

The contract with the Passaic Valley Water Commission for 
the Little Falls Pumping Station units called for a bonus and 
penalty on overall efficiency. It was, therefore, essential that the 
measurement of discharge as well as the power and head measure- 
ments be as accurate as possible in their absolute values. Since 
the photoflow method was being used in a section with consider- 
ably greater disturbed and turbulent flow than ever attempted 
before with pitot tubes, it was decided to determine the coefficient 
of measurement of the pitot-tube points in place by volumetric 
measurement of the water. It was found that the forebay with 
an area of 70,000 sq ft could be isolated from the river by means 
of head gates and used as a huge volumetric measuring tank. 
The maximum possible drawdown of the forebay was 4 ft. Thus, 
with a maximum discharge of 300 cfs through one of the turbines 
it was possible to calibrate the photoflow method for a period of 
15 min for each drawdown, which proved to be sufficient to give 
accurate results. 

The volume of the forebay was determined by first making a 
drawdown and then filling it through a calibrated venturi meter. 

Leakages into and out of the forebay were reduced to less 
than 1 per cent of the maximum discharge through the turbine 
by making all the gates and valves connected to the forebay as 
tight as possible. In addition, a leakage determination was 
made before and after each test run, thereby reducing the possible 
error from this source to a negligible amount. 

Four hook gages were placed in stilling boxes at various sta- 
tions for measuring the elevation of the water in the forebay. 
By the aid of verniers the water elevations were read to the near- 
est one thousandth of a foot. 

Readings were taken every 30 seconds and were all synchro- 
nized with the photoflow pictures by a system of light flashes. 
The fluctuations of elevation caused by waves set up by the 
drawdown and fill-up were not very large, and were of such 
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low frequency that readings every 30 seconds accurately de- 
termined their outline. 

The close agreement between the elevations as measured at the 
four stations indicated that the probable error from this source 
was relatively small. 

In filling the forebay through the venturi meter to determine 
the forebay area at the different elevations, the penstock-gate 
valves leading to all the turbines were closed, but the unit under 
test was left motoring on the line. After the water in the forebay 
had reached the desired elevation the proper penstock-gate valve 
was opened, the turbine gate set to give the required rate of flow 
at the pitot-tube section, and the drawdown test was made to 
determine the photoflow coefficient. 

The area of the forebay at various elevations was determined 
six times. The probable error of the average of the six deter- 
minations was estimated at less than 0.25 per cent. 

Nine determinations of the photoflow coefficient were made 
with the pitot tubes located in the penstock of Unit No. 3, and 
seven determinations of the coefficient with the pitot tubes located 
in Unit No. 4. Tests were made with different rates of flow but 
the results indicated that the coefficient did not change with a 
change in velocity. The average coefficient for Unit No. 3 for all 
rates of flow measured was 0.973 and for Unit No. 4 was 0.970. 
Because of the large number of measurements the probable error 
was less than 0.25 per cent. 

The results agree with the previous statement that highly dis- 
turbed and turbulent flow would have a coefficient close to 0.970. 

In conclusion, it can be stated that the results obtained with 
the photoflow method so far have been very satisfactory and 
indicate its possibilities as an accurate, quick, and economical 
means of measuring the flow of water. The excellent results 
obtained with this method in the tests described herein show that 
it can be used under conditions heretofore thought to be en- 
tirely unsuited for pitot-tube measurements. 

Although the method has been used only in closed conduits, 
it should give satisfactory results in open conduits. There 
apparently is a large field for its use in the measurement of the 
large quantities of water used by low-head turbines. 


——— 
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Pitot-Tube Practice 


By EDWARD S. COLE,! NEW YORK, N. Y. 


The author reviews the history of the pitot tube and, on 
the basis of experimental results, discusses the accuracy of 
the pitot-traverse method of water measurement. In 
connection with the practical application of the pitot tube 
to flow measurement, the author discusses the calibration 
of the tube, corrections for the effect of the projected 
area of the rod, and the errors caused by angularity of flow 
ina pipe. The degree of angularity of flow in the normal 
pipe line was investigated by means of a current-vane in- 
dicator and a motion-picture camera. Reference is made 
to investigations of the effect of eddying flow on pitot-tube 
readings as conducted by means of a series of ratings made 
with three pitot tubes of similar design used under three 
different conditions of flow, viz: Still water, the smooth or 
parallel flow of a large venturi throat, and the irregular 
or eddying flow of a 12-in. pipe line. In making the com- 
parative ratings, coefficient corrections are made for the 
projected area of the pitot tube in the 12-in. pipe. The 
author shows that with normal flow in a pipe line, the 
manometer readings will vary through a series of cycles. 
These cycles, with pitot tubes in a 40-in. anda 12-in. pipe, 
were observed with a motion-picture camera. 


long experience with the so-called pitot-traverse method of 
water measurement in the hope that engineers may more 
widely recognize its accuracy. 

In order to avoid repetition later on in this paper, it may be 
advisable to define the terms “simple” and ‘“‘combined’’ pitot 
tubes. The simple type consists of one forward-facing tube which 
reads the dynamic head when used in an open stream. When 
used in a pipe under pressure it reads the dynamic plus the static 
head and in order to read velocity, the static head must be de- 
ducted by means of wall piezometers. The combined type is 
usually made up of two tubes; one reading the dynamic head, the 
other the static head. The combined type may have different 
forms, although variations in design are chiefly concerned with 
the static orifice. 


Li IS the purpose of this paper to present some of the results of 


History OF THE Piror TUBE 


The history of the pitot tube began in 1730 when Henri Pitot? 
using a bent glass tube in the River Seine discovered that the 


1 President, The Pitometer Company, Engineers. Mem. A.S.M.E. 
Mr. Cole received the degree of M.E. from Cornell University in 
1894 and from that date until 1902 served on the staff of John A. 
Cole, consulting engineer, Chicago, working on the design, construc- 
tion and management of city water-works plants in the Middle West. 
In 1896 he developed the pitometer. As a member of the Depart- 
ment of Water Supply, Gas, and Electricity of New York, N. Y., he 
was in charge of water-supply studies with the pitometer during 1902 
and 1903. Since that time he has conducted pitometer investiga- 
tions throughout the country. 

2“Description d’une machine pour mesurer la vitesse des eaux 
courantes, et le sillage des vaisseaux,”’ by H. Pitot, Memoires de 
l’Academie Royale des Sciences, November 12, 1732. 

Contributed by the Hydraulic Division and presented at the joint 
meeting of the Hydraulic Division, A.S.M.E. and the Power Division, 
A.S.C.E., New York, N. Y., January 17, 1935. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until October 10, 1935, for publication at a later date. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


height to which water rose in his tube was proportional to the 
square of the velocity of the stream. Aside from its extreme 
simplicity, this device was novel in that it measured velocity 
without introducing the time element. Contrary to general 
belief, Pitot used the combined form with double tubes and de- 
scribed it in his paper,” Fig. 1. The second or static tube had its 
opening in the end of a straight pipe pointing directly across the 
flow and therefore it must have been subject to errors. It 
may not be generally known that Pitot in his paper of 1732 de- 
scribed quite clearly an application of his tube for measuring the 
speed of a small sail boat which he navigated on the Seine. 
Since then there have been several attempts to make a successful 
ship log on this principle. A pitot log was used on the Great 
Lakes by Nicholson, probably fifty years ago, but owing to one 
defect or another it did not come into extensive use. 


Fie. 1 


DRAWING OF Piror’s ORIGINAL TuBE, 1732 


Pitot’s combined tube was improved one hundred and twenty- 
five years later by Darcy, another French engineer who in one 
form turned the static tube downstream and in another gave it 
only lateral openings which more nearly read the true static 
pressure, Fig. 2. Darcy also reduced the vibrations in the water 
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columns by using orifices of much smaller area than the tubes.* 
Bazin, another French engineer, made extensive use of the 
Pitot-Darey tube. 
Hiram F. Mills of Boston was probably the first American 
engineer to use the pitot tube, making studies of the flow of 


Fie. 2 


Darcy’s Tuser, 1858 


water in a 12-in. cast-iron pipe at Lawrence, Mass. in 1875. 
These experiments unfortunately have never been published. 
The original notes came into the hands of the late John R. Free- 
man and are now being searched for the exact form of pitot tube 
used by Mills and the method of its calibration. There can be 
no doubt that he was the first American experimenter in this 
field. 

It is believed that Mills preferred the simple form of pitot tube 
with static pressure taken from wall piezometers as distinguished 
from the combined type used by Pitot, Darcy, and Bazin. 

Mills wrote® that he “made measurements of the quantity of 
water drawn by many of the water wheels of the Lawrence Mills 
in the feeding penstocks by instruments devised by me in 1877 and 
used by my assistants under the direction of John R. Freeman 
during 1878 and 1885, and later under the direction of Richard A. 
Hale. These instruments indicated the velocity at 16 or 18 
points in the section at the same moment.” 


3 Annales des Ponts et Chausses, 1858. 

4 Ibid., 1890. 

5 Discussion by H. F. Mills of ‘‘Experiments at Detroit, Mich., of 
the Effect of Curvature Upon the Flow of Water in Pipes,’’ by 
Williams, Hubbell, and Fenkell, Trans. A.8S.C.E., vol. 47, 1902, p. 203. 
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John R. Freeman followed Hiram Mills in the use of the pitot 
tube and in 1888 adopted the simple type for use in measuring 
fire-stream jets finding an accuracy of within 0.25 per cent. 
“This investigation established the fact that the pitot tube is an 
instrument of great precision for the measurement of high veloci- 
ties.’”? 

Henry Flad, a distinguished engineer of St. Louis, about 1888 
carried on pitot-tube studies, and probably was the first to at- 
tempt the use of photography for recording the manometer de- 
flections but in this he was said to have been unsuccessful. 

The author’s first work with the pitot tube began in the fall of 
1896 at Terre Haute, Ind., where a practical form of instru- 
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‘ “Hxperiments Relating to Hydraulics of Fire Streams,” by John 
R. Freeman, Trans. A.S.C.E., vol. 21, 1889, p. 411. 


7A Treatise on Hydraulics,” by M. Merriman. Eighth edition. 


John Wiley & Sons, Inc., New York, p. 103. 
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ment was developed for use in pipes under pressure. A descrip- 
tion of this development was published in the A.8.C.E. Transac- 
tions, vol. 47, 1902, page 275. 

The work of Williams, Hubbell and Fenkell, which began at 
Detroit in 1897, resulted in a combined form of pitot tube for use 
in pipes under pressure,® Fig. 3. 

Gregory and Mason in tests conducted in connection with their 
thesis, at Cornell University in 1894, used a pitot tube, Fig. 4, 
introduced at the open end of a 5-ft steel pipe. 

Later Gregory and Maltby developed a form of combined pitot 
tube at Ithaca, N. Y., in 1903, Fig. 5. Although not the most 
convenient form for inserting into a pipe under pressure it is a 
highly successful instrument which has been extensively used by 
Professor Gregory in his professional practice and by the New 
Orleans Sewage and Water Board for the past thirty years. 

White’s studies of the pitot tube in 1901 developed the theory 
of the simple dynamic orifice and demonstrated the formula to 
beh = V2/2g rather than h = V2/g which had been urged by some 
writers at that time. 

Pardoe, at the University of Pennsylvania in 1908, succeeded 
Professor Easby in pitot-tube experiments. Prof.C. G. Hyde, of 
the University of California, made careful calibration tests of the 


Fig. 5 Prror Usep py Gregory In 1903 


combined pitot tube, Fig. 6, in 1915. E.C.Murphy® made careful 
ratings of the pitot tube in moving water as well as in still water. 
Stanton studied velocity variation close to the pipe wall. Boyd 
and Judd in 1904 repeated Freeman’s work with jets. They 
reported that ‘discrepancies in pitot tubes are due to failure to 
get the true static pressure rather than to any error in the pitot 
tubes themselves.” 

The theory of the dynamic tube or orifice has been well de- 
veloped by Moody and Rogers?! and others. Its law is V = 
cv/ (29H). 

The theory of the static orifice is more complicated than that of 
the dynamic orifice and is best represented by laboratory observa- 
tions such as were.made by Allen and Hooper at Worcester Poly- 
technic Institute.’2 In its ideal form the wall piezometer is 


8 “Experiments at Detroit, Mich., on the Effect of Curvature Upon 
the Flow of Water in Pipes,” by Williams, Hubbell, and Fenkell, 
Trans. A.S.C.E., vol. 47, 1902, p. 1. ‘ 

9 Discussion by*E. C. Murphy of “Experiments at Detroit, Mich., 
on the Effects of Curvature Upon the Flow of Water in Pipes,” by 
Williams, Hubbell, and Fenkell, Trans. A.S.C.E., vol. 47, 1902, p. 197. 

10 ‘Pitot Tubes; With Experimental Determinations of the Form 
and Velocity of Jets,” by J. E. Boyd and H. Judd, Engineering News, 
vol. 51, 1904, p. 318. 

11 “Measurement of the Velocity of Flowing Water,” by L. Ak 
Moody, Proceedings, Engineers’ Society of Western Pennsylvania, 
vol. 30, no. 4, May, 1914. Also discussion of this paper in vol. 30, 
no. 5, June, 1914. 

12 ““Piezometer Investigation,’ by C. M. Allen and L. J. Hooper, 
Trans. A.S.M.E., vol. 54, 1932, paper HY D-54-1. 


simple enough, but in practice the 
author found it difficult to secure 
ideal conditions and prefers to follow 
Darey and Bazin in obtaining the 
static head as in the combined type, 
i.c., along with the dynamic orifice. 


DEVELOPMENT OF THE PITOMETER 


At the time of the author’s ex- 
perimental work with pipes under 
pressure at Terre Haute, Ind., 
water-works plant, there was little 
available information on the pitot 
tube. Darey’s published results 
related entirely to open-stream use. 
A crude sketch in Carpenter’s “Ex- 
perimental Engineering," Fig. 7, 
suggested the use of an impossible 
combination of tubes and of man- 
ometers. 

The few published references to 
pitot-tube accuracy were discourag- 
ing. One author! wrote, ‘‘Pitot’s 
tube has been but little used and is 
in general regarded as an imperfect 
instrument for velocity determina- 
tions.” 

After many attempts it was seen 
that a practical pitot-tube method 
for measuring the flow of water in 
pipes under pressure must embody 
(1) a suitable means for inserting 
the tube into the pipe under pres- 
sure, (2) a practical and accurate 
method for calibrating the instru- 
ment, (3) a differential manometer 
free from air which contains a liquid 
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permitting the magnification of the deflections at low velocities, 
(4) a method of integrating the flow from a velocity traverse, 
and (5) a means for the frictionless recording of manometer de- 
flections where a continuous record of flow is necessary. 

With the extensive literature now available regarding flow 
measurement in pipes under pressure, it is difficult to realize the 


13 “Experimental Engineering,” by R. C. Carpenter. Third edi- 
tion, John Wiley & Sons, Inc., New York, 1892, p. 266. 

144A Treatise on Hydraulics,” by M. Merriman. Fourth edition, 
John Wiley & Sons, Inc., New York, 1890. 
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handicap of early experimenters in this field since, lacking pub- 
lished data, it was necessary to work out each of these essential 
features of a practical pitot tube for pipes. 

The calibration of the instrument was obtained by float mea- 
surement of the velocity in a trough, the instrument being in- 
serted through the bottom. Considerable difficulty was en- 
countered in this method as the floats did not run uniformly down 
the trough. 

A pitot tube following Professor Carpenter’s sketch, Fig. 7, of 
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Fie. 8 PxHoro-RrecorprR WITH Prism ATTACHMENT DEVELOPED IN 
1897 anp 1908 ror RecorpING MANOMETER READINGS 


course, gave highly erratic readings but the manometer caused the 
first concern. This crude form, with air above the measuring 
liquid, and without means for removing it, was the only sugges- 
tion available at that time. Such a form with its rapid U-tube 
fluctuations was quite impossible to read with any precision. 
It was only when all air was excluded from the manometer and 
connections, allowing the water to fill the U-tube above a heavier 
and immiscible liquid, that reliable readings were obtained. In 
later years, cases were discovered in which failures of pitot tubes 
were caused largely by this troublesome presence of air in the 
manometer. 

It was evident that the readings were extremely small at the 
low velocities of 1 fps or lower commonly found in water-works 
mains but with carbon tetrachloride properly mixed with benzine 
to give a specific gravity of 1.25, a differential of four to one was 
available, which proved to be most useful. 

After overcoming U-tube troubles it was next in order to dis- 
cover why the hook-and-point type of pitot tube gave such erratic 
and inconsistent results on calibration. After many attempts, 
the Darcy plan of turning the static tube downstream was tried 
and immediately the calibration points began to fall within 
more narrow limits and a practical form, Fig. 6, was at last 
available. 

Many years of experience with this combined type of pitot tube 
or pitometer has shown that it has the unique advantage of re- 
versibility. A ready and rapid means of checking its own read- 
ing is afforded by rotating through 180 deg. This is of great 
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practical value in the field where it is usually difficult to obtain a 
zero check. 

Later, in 1897, during a systematic field survey carried out with 
the newly developed pitometer at Terre Haute, the need was 
felt for continuously recording the U-tube deflections, and pho- 
tography was tried with poor results until the proper method of 
focusing the U-tube on the sensitized paper was found. At first 
one leg of the manometer was placed before a slot on the other 
side of which was a revolving drum carrying the sensitized paper. 
Light from an oil lamp passing through the glass tube focused 
upon the slot, thus leaving a record of the liquid height. 

With slightly colored liquid partially intercepting the light, a 
gray-and-black record was formed. With mercury as the mea- 
suring liquid for high velocities the light was entirely intercepted 
giving a white-and-black record. Errors resulting from the ver- 
tical angularity of the light rays were compensated for by properly 
spaced notches in the slot plate which automatically ruled lines 
upon the photo record corresponding to the true half deflections 
in the U-tube itself. 

After some ten years of use this device was improved by the 
addition of a double prism between the lamp and the U-tube so 


Lc = 


Fie.9 A Repucep SEcrion oF A Prism PHoto-RrEcorpD, RECORDING 
Bors Lees or U-TusrE MANoMETER 


that the liquid height in both legs of the manometer was re- 
corded to 3in., Figs. 8and9. Pressure and temperature changes 
were also recorded along with the velocity variations. The 
original design of the tube with its upstream and downstream 
orifices has been improved upon from time to time, but the 
essential principles of the pitometer developed in 1896, have been 
retained. 
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PracticAL APPLICATION TO FLow MEASUREMENT 


From nearly 40 years of experience it has become apparent that 
certain fundamentals must be considered in order to insure accu- 
racy of flow measurements. Some of these are intimately related 
to calibration while others are details in technique of operation. 

The following items must be considered in connection with 
calibration: 


1 For important tests the tube must be calibrated. 

2 Proper correction must be made for the effect of the projected 
area of the rod. 

3 The effect of angular and eddying flow in the normal pipe line 
may be corrected by a cosine-reading type of tube such as shown 
in Fig. 29. 


The following details of operation which comprise the pitot- 
traverse method are important: 

(a) A proper selection of the gaging point must be made. 

(b) The pipe factor, i.e., ratio of mean to center velocity, is of 
fundamental value and is determined by traversing the pipe. 
The mean velocity of the traverse is obtained by ring integration, 
and the value for the center velocity is taken from the traverse 
curve. 

(c) All readings of the deflection should be made throughout a 
full cycle of flow and careful attention given to the U-tube and its 
connections, and the specific gravity of the measuring liquid. 

(d) For large pipes attention should be given to the possible 
effect of vibration of the pitot tube. 
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1 Calibration 


The determination of c in the formula V = c V(2gH) must be 
determined by calibration. Calibrations may be made in moving 
water or in still water, and present indications lead the author to 
believe that with the proper correction for the projected area of 
the rod, when used in pipes, calibrations by either of these meth- 
ods will give the same results. 

In moving water the pitot-tube readings are compared with 
velocity as given by floats in an open stream or, if the rating is in 
a pipe, the pitot tube itself is used to compute the mean velocity 
from a velocity traverse, which is then compared with the mean 
velocity given by weir or tank measurement. 

A still-water rating may be made by moving the pitot tube 
ahead of a boat drawn at known speeds or by driving it through 
still water by a revolving boom or a car running over a tank. 

Before describing the calibration tests of the author’s tube, it 
may be interesting to present a summary of some available cali- 
bration data on both types of pitot tube. This summary is 
given in Table 1. 

Calibration Research, 1930. In order to determine accurately 
what errors are introduced in the manufacture of the tubes and in 
their calibration, seven different tubes were tested at the Alden 
Hydraulic Laboratory, Worcester Polytechnic Institute, in 1930. 
Five of the tubes conformed to a standard while two others 
differed slightly in curvature of tips. These tubes were cali- 
brated in the 16-in. throat of the 36 X 16-in. venturi meter, 
and in the 12-in. line. The results are as shown in Fig. 10. 


TABLE 1 SUMMARY OF PITOT-TUBE CALIBRATION DATA 


Experimenter Method of calibration 


Darcy, Bazin 
surement of known flow 


Type of tube Coefficient Remarks 


Still water, floats in moving water, and mea- 


Annales des Ponts et Chausses, 1858 and 


Combined (Fig. 2) vine 
Used and calibrated by the New Orleans 


1.00 


Grezoryand Maltby) (9090900 insite oe vie wae ieae tie ess: Combined (Fig. 5) 1.00 
Sewage & Water Board. 
White Studies of pitot tube Simple 1.00 Tube not calibrated but V = v(2gH) 
proved in which case c = 1. 
Pardoe Weighing-tank measurement of flow in pipes Simple 1.00 University of Pennsylvania, 1908. 
Pardoe 8-in, and 4-in. pipes, flow by weighing tank Simple 0.982 University of Pennsylvania, 1934. 
Boy danced idd gmmennm NN Stern cere rane sictenccnie ot Jer ixiF~ Simple 1.00 Engineering News. Freeman's work 
repeated, 1904. 
Alden Hyd. Lab., Worcester P. I. 16-in. throat of venturi meter, 12-in. steel ; : 
pipe Simple 0.994 Impact orifice, Fig. 6, 1930. 
Floats in moving water Darcy 1.006 92 ratings. 
Moving water—weir Darcy 0.993 87 ratings. 
Floats in still water Darcy, 1.034 32 ratings. ; ; 
Darcy, Bazin, or Murphy as Moving water Combined 0.875 \ Both orifices directed against current but 
summarized by Parker! Still water Combined 0.864 pressure orifice plugged and a small 
hole 0.04-in. diam, pierced laterally. 
Floats in still water Combined begat eect orifice directed against the cur- 
Still water Combined 0.991 rent, pressure orifice facing downstream. 


1“Control of Water,’ by P. M. Parker, D. Van Nostrand Company, New York, 1913, p. 69. 
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An explanation of the 1930 tests will aid in making comparisons 
of the various calibrations presented. 

The 16-in. throat of a 36-in. venturi meter has long been used 
for calibrating purposes at this laboratory because of the smooth 
flow and flat velocity curves with their high pipe factor of about 
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0.96. For traversing, the pitot tube was inserted through 1-in. 
cocks 90 deg apart in the bronze throat piece, and for calibration 
the orifices were located 4 in. in on the horizontal diameter. 
The flow was measured over a 10-ft contracted weir which had 
been calibrated by the weighing tank, using the increment 
method as in Fig. 11. 

Pipe factors, described in detail later, for the 16-in. and 12-in. 
sections, were carefully determined by means of double traverses 
before and after the series of tests. Sample traverse curves are 
shown in Figs. 12 and 13. 

The test procedure in the 16-in. throat was as follows: After the 
discharge had been set to a desired value, about 10 to 15 minutes 
were allowed to elapse to secure steady-flow conditions in the 
penstdck and over the weir. The U-tube deflections with the 
pitot tube at the gaging point were then read in feet of water at 
the rate of about ten times per minute by an experienced ob- 
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server, and the figures set up on a calculating machine. Ten 
readings of head were taken for each position of the rod shown in 
Fig. 6, i.e., with A tip upstream and with B tip upstream. The 
head on the weir was read and then the discharge was adjusted 
to a new value for the next test. 

Variations in velocity under the uni- 
form head available were so small that 
the mean of the readings was assumed 
to be the mean head for each run in- 
stead of taking the average of the square 
roots of the U-tube deflections. 

The test procedure in the 12-in. line 
calibrations was practically the same 
as in the 16-in. throat with the exception 
that the mean velocity was obtained by 
weighing-tank measurements. The pip- 
ing layout for these two gaging stations 
is shown in Fig. 11. 

The 12-in. steel pipe line is believed 
to afford fairly normal flow conditions 
under the constant laboratory head of 
about 30 ft. The effect of two standard 
pipe elbows in different planes at the en- 
trance was minimized by the use of 
straightening vanes as shown by the ex- 
cellent symmetry of the velocity tra- 
verses in Fig. 13. 

As may be noted in Fig. 10 there was a 
difference in coefficient between the 16-in. 
throat and the 12-in. line and further 
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investigations of the reasons for the discrepancy were thought 
necessary. 

Calibration Research, 1934. In 1934 it was decided to have 
three of the pitot tubes (rods 162, 403, 617, for which calibration 
curves are shown on Fig. 10) which were calibrated in 1930 re- 
calibrated at the same gaging stations in the Alden Hydraulic 
Laboratory. To these calibrations was added a calibration made 
in still water. An 84-ft lattice steel boom was suspended from a 
ball bearing on top of a vertical shaft. This shaft was imbedded 
in the top of a boulder about 60 ft from one shore of a three-acre 
pond. The water surrounding the station was normally 6 to 7 
ft deep. The pitot tube mounted on the boom swept through a 
circle of 36.11 ft radius. The speed of the boom was obtained 
from contacts made at each revolution and recorded on a 
chronograph. 

The pitot heads were measured by water columns under partial 
vacuum, and the difference in heads was read about 15 times a 
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minute by an observer who rode the boom. These were at once 
set up on a calculating machine which gave the mean deflection 
for the run. The speed of the boom was regulated by a special 
governor and as its variation was small it was considered that the 
mean U-tube head was close to the true head for each run. The 
centrifugal effect was balanced by using equal lengths of hose and 
by having the U-tubes at equal radii. Care was taken to check 
the zero readings at intervals by stopping the boom. 

The possibility of circulation effects in the water caused by the 
rotation of the pitot tube was carefully studied. No appreciable 
amount of circulation was evidenced under the most severe tests. 
One series of tests was made in which the rotation of the boom 
was reversed. The elapsed time from the moment the speed in 
one direction waschanged until full speed in the reverse direction 
was attained amounted to 3 or 4 min. The pitot heads read 
when the boom was going in one direction substantially agreed 
with the heads read with the boom going in the reverse direction. 
Other tests were made in which the coefficient of the pitot tube 
obtained by the boom rating was compared under various con- 
ditions of rating. Obstructions were placed on the opposite end 
of the boom so that considerable disturbance of the water was 
created. Apparently this disturbance died down very quickly 
for the coefficients of the pitot tube remained the same regardless 
of the conditions thus introduced. 

On account of the size, shape, and depth of the pond the co- 
efficients obtained by the boom calibration were not subject to 
error caused by circulation of the water. 

The scattering of the points in the boom ratings, Figs. 14 and 
15, was due in part to varying conditions of wind and weather on 
the pond. That more uniformity of readings is possible with the 
boom method is shown by the test points in Fig. 30 which were 
obtained under more favorable conditions. 

The results, Figs. 14, 15, and 16, showed agreement between the 
boom and the venturi throat, while the calibration in the 12-in. 
line was about 2 per cent lower. It was decided at this time that 
the amount of correction of the area of the projected rod should 
be carefully determined. 


2 Correction for Projected Area of Rod 


For many years a correction had been applied to the pipe 
area to compensate for the projected area of the rod. This cor- 
rection was arrived at by more or less arbitrary methods and was 
applied by deducting from the pipe area an amount equal to the 
full area of the rod in the direction of flow, when the orifices were 
at the center of the pipe. 

Correction at Alden Hydraulic Laboratory, 1930. For the cali- 
brations made at the Alden Hydraulic Laboratory in 1930 a some- 
what different analysis was made, and a revised correction 
amounting to one-third of the area of the projected rod when the 
orifices were at the center of the pipe was arrived at in the fol- 
lowing manner. 

When the instrument is on the far side of the center of the 
pipe, the area of the pipe is reduced and the mean velocity by that 
section is increased above the value when the instrument is not 
present. Assuming that the ratio of the point velocity to mean 
velocity remains constant, the point velocity obtained will be too 
great by the ratio of the area of the pipe to the area of the pipe 
minus the effective area of the pitometer. 

If the point velocity obtained were to be corrected at the centers 
of rings of equal area, for any given ring there would be a plus 
correction on one side of the center and a minus correction on the 
other side, assuming the readings are to be corrected with respect 
to the pitometer at the center. The average amount by which 
the two velocities in a given ring exceeds the true values would be 
equal to the amount by which the measured center velocity 
exceeds its true value without the instrument in place. 


HYD-57-8 287 

Since the pipe factor is the ratio of the average velocity in the 
centers of rings of equal area to the center velocity, the value 
of the pipe factor is not changed by the presence of the instru- 
ment. However, the shape of the traverse curve may be dis- 
torted, the measured velocities being higher on the far side of the 
center of the pipe. 
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Although the value of the pipe factor is not affected by the 
presence of the instrument in the pipe, the value of the coefficient 
is affected and should be corrected when the rating is done in 
small pipes. Assuming the instrument is set at the center of the 
pipe, the mean velocity at a given discharge is increased above its 
actual value without the instrument in the pipe, by an amount 
depending on the projected area of the instrument set at the 
center. 

The theory which resulted in a correction of one-third the 
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projected area of the rod was based on the assumption that only 
the trailing orifice was affected by the presence of the rod. It 
was assumed that the upstream orifice was not affected and since 
the trailing orifice is about one-half as efficient as the upstream 
orifice, it contributes one-third of the total deflection of the 
instrument." 
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Correction Studies at Alden Hydraulic °° 
Laboratory, 1984. In 1934 a preliminary j 
test was made at the Alden Hydraulic 
Laboratory to determine whether the cor- 
rection might be larger than had been 
assumed. The method was to locate a 
pitot tube as an index rod at some point 
in the pipe and without changing its 
position to move a second or dummy 
tube across the pipe on another diame- 
ter in the same section. It was in- 
dicated by the first pitot tube, that 
the further the dummy rod was pro- 
jected the greater would be the velocity 
indicated by the index tube. It was ap- 
parent that the dummy rod would dis- & 
turb the flow past the index tube if it  % 
were too close and various positions of 5 
the indicating rod were tried to note 
the effect of the disturbance. The re- py 
suits are shown in Fig. 17 and, although “ 
being far from conclusive chiefly because 2 
of disturbance effects, they indicated at ‘8 
the time that the correction for the rod Pe cee 
in the 12-in. line was greater than one- 
third the projected area. 
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A set of tests was then devised which would give some quanti- 
tative data on the amount of the correction. The method was to 
build up the cross-section of the rod in such a way as not to dis- 
turb the flow past the orifices, but to make an appreciable change 
in the net area of the pipe. The rod was built up by pieces of 
1-in. dowel which were split and made to fit either side of the rod. 
The lower end of the dowel was tapered to a point 1 in. from the 
orifices. The section thus built up was wrapped with friction 
tape and shellacked. The cross-sectional area of the built-up 
rod in the direction of flow was determined by means of calipers. 

The procedure was to build up the cross-sectional area of a 
calibrated rod and then to recalibrate it in both the 12-in. line 
and the 16-in. throat at velocities of 8, 9 and 10 fps. The re- 
sulting change in coefficient was assumed to be due entirely to the 
change in area of the pipe caused by the increased cross-sectional 
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area of the rod. Four built-up sections were tried, the largest 
being 1 in. in diameter. The results are shown in Fig. 18. 
University of Pennsylvania Tests. A third method for arriving 


at the proper correction seemed desirable and this was carried 


out at the University of Pennsylvania. Two of the three rods 
(Nos. 162 and 617) calibrated at the Alden Hydraulic Laboratory, 


were rerated by Professor Pardoe at the University of Pennsyl- 


vania in pipes of 4, 6, 8, 10, and 12 in. diameter. Fig. 19 shows 
Professor Pardoe’s calibrations for rod No. 617. The method of 


calibration was different in some respects from the calibration 
at the Alden Hydraulic Laboratory. The piping layout is shown 


in Fig. 20 and it may be noted that the gaging station for the 12- 


in. pipe is only 15 diameters below a contraction. The distri- 


bution of velocity at the gaging station is illustrated by the tra- 
verse curves shown in Fig. 21. Instead of obtaining the indi- 


cated mean velocity by readings of the center velocity and pipe 


K 
factors (ratio of mean to center velocity) as was done at the Alden | 
laboratory, the procedure was to measure the mean velocity by 


traversing and to compare it with the true mean velocity as de- 
termined by weighing-tank measurements. The flow was well 
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regulated by means of centrifu- 
gal pumps discharging into a 
large tank with an overflow to 
maintain a constant head. 
During the traversing, contin- 
uous weighing-tank measure- 
ments were made to determine 
the true mean velocity. The 
average of the square roots of 
the deflections obtained at the 
center of area of 16 rings of 
equal areas for the 12-in. pipe 
times \/(2g) was taken as the 
mean velocity by the pitot tube. 
The ratio of the mean »/(2gH) 
thus obtained to the mean ve- 
locity determined by the weigh- 
ing tank is the coefficient. As 
was expected the coefficient in 
each pipe was different, al- 
though it should be noted that 
the coefficient obtained in the 
12-in. line agreed with the co- 
efficient obtained in the 12-in. 
line at Worcester, thus giving a 
remarkable check between the 
two series of investigations. 
For the University of Penn- 
sylvania tests, the ratio of the 
area of the cross-section of the 
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normal rod in the direction of flow, with the orifices at the center 
of the pipe, to the area of the pipe, for each size pipe was com- 
puted and is shown in tabular form in Fig. 22. The values are 
plotted in Fig. 23. A sample computation for the 4.281-in. diam 
pipe follows: 


Length of projected rod, orifices at the center = 2.14 in. 


Cross-sectional area of rod in direction of flow: 


Orihcess cs erga 0.780 in. X 0.190 in. = 0.1482 in 
Billets coke mesic 0.160 in. X 0.290 in. = 0.0464 in 
PN Otis ercantrst aaseere 0.231 in, X 0.368 in, = 0.0850 in 
Willetyirccseieanelere 0.070 in. X 0.290 in. = 0.0203 in 
Connecting tubes.. 0.900 in. X 0.250 in. = 0.2250 in. 


Projected length = 2.141 in. 

Area of projected rod in direction of flow = 0.5249 sq in. 

Area of projected rod = 0.5249/144 = 0.00365 sq ft 

Area of 4.281-in. diam pipe = 0.100 sq ft 

Area of projected rod/area of pipe = 0.00365/0.100 = 0.0365 = 3.65 
per cent 


Similar computations give a ratio of 1.64 per cent for the 
12.098-in. pipe, a difference of 2.01 (3.65 — 1.64 = 2.01)per cent 
from the ratio for the 4.28l-in. pipe. The coefficient obtained 
in these two pipes differed by 1.9 per cent at velocities of 8.9 
and 10 fps. Fig. 18, the University of Pennsylvania correc- 
tion curve, was determined by points obtained in this manner, and 
plotted with the percentage of change in coefficient as the ordi- 
nate, and the change in ratio of areas as the abscissa. 

For the W.P.I. correction curve, Fig. 18, the cross-sectional 
area of the built-up rod, as well as the ratio of this area to the area 
of the pipe, was computed by the same procedure as shown in the 
sample computation for the 4.281-in. pipe. The per cent change 
in coefficient resulting from the change in area of the pipe caused 
by the built-up rod, was plotted, as above, against the change 
in the ratio of projected rod areas to pipe area. 

It should be noted that the two correction curves shown in 


part of the orifices is effective. 
computation of the area of the projected rod, the University of Pennsylvania 
curve would be raised above the W.P.I. curve. 

The error in W.P.I. curve is of a different nature because the area of the ori- 
fices is relatively small compared to the area of the projected rod, and is probably 
introduced by local disturbance on the orifices. Although the built-up sections 
were designed to produce a minimum amount of disturbance, it is possible that 
some disturbance was still introduced. 

For lack of better information the mean of the University of Pennsylvania and 
the W.P.I. curves has been used in this paper. 

Use of Correction Curve. 
study of Fig. 19, the calibration of rod No. 617 in various-size pipes made at the 
University of Pennsylvania. 
locity is plotted against the pipe diameter. 
any velocity the coefficient decreases as the pipe diameter decreases. In other 
words, as the ratio of projected rod area to pipe area becomes greater the co- 
efficient becomes smaller. 

A series of ordinates has been added, Fig. 24, to show the corrected coefficient 
at any given velocity. These ordinates are obtained from Figs. 23 and 18 in 
the following manner: 

From Fig. 23 we see that in a 12-in. pipe the ratio of the area of the projected 
rod to the area of the pipe is 1.64 per cent. 
with 1.64 per cent on the abscissa we find the corresponding change in coefficient 
is 2.0 per cent. 


2.0 per cent. 


velocity. 
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Fig. 18 do not give the same results, and the difference is probably 
due to errors which are present in each method. For the Uni- 
versity of Pennsylvania curve, an error is introduced in the de- 
termination of the area of the orifices. That this error may be 
large is shown by the fact that in the sample computation, the 
area of the orifices is 28 per cent of the total projected area of 
the rod. However, an error of this size is not introduced by in- 
accurate measurement, but rather by an assumption that the 
entire area of the orifices is effective in reducing the area of the 
pipe. Fig. 6 shows the open construction of the tips and although 
some investigation has been made it is not definitely known what 
If the area of the orifices were neglected in the 


The use of the correction curve is made clearer by a 


In Fig. 24 the coefficient obtained for a given ve- 
It will be noticed (Fig. 19) that for 


Entering the mean curve on Fig. 18 


The coefficient obtained in the 12-in. pipe should then be raised 


The coefficient in the other sizes of pipe can be corrected by fol- 
lowing the same method. ‘The result will be that at a given velocity the corrected 
coefficient will be the same in any size of pipe. The corrected coefficients at each 
velocity can then be plotted to give a coefficient curve which will hold for any 


In practice it might be more convenient to use the coefficient which applies to 
the pipe in which one is working. For reasons which will be apparent later it 
has, however, been desirable to determine the corrected coefficient in the 12-in. line. 

Correction in 16-In. Throat. 
on the horizontal diameter and no correction for the area of the projected rod was 


For these tests the orifices were located 4 in. in 


So far as the author is aware this correction 
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for the projected area of the rod has never before received proper 


attention, and this may account for apparent inconsistencies in 


pitot-tube calibrations. 

Where the pitot tube is supported on a streamlined rod passing 
entirely across the pipe so that a traverse involves no change in 
the projected area, the author believes some correction for the 


a presence of the pitot tube must still be made if it is to be used in 


another size of pipe or is to be compared to still-water or large 
venturi-throat rating. 
Application of Correction to 1934 Calibrations. The mean cor- 
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been pointed out by Moody" that angularities of short duration 
had little or no effect on the pitot tube. 

Professor Allen gives data for computing the angular flow as 
shown by the spread of salt solution. His tests, which were made 
in a 40-in. penstock, indicate a maximum angularity of 6 deg, 
which value is practically constant at 5 and 10 ft downstream 
from the injection tube. 

The most conclusive evidence showing the small effect of angu- 
larity or eddying flow on the pitot tube is to be found in the close 
agreement of the three methods of calibration herewith presented. 


Fig. 26 


rection curve which has been adopted was used to correct the 
calibrations made in the 12-in. pipe at the Alden laboratory, and 
in the various sizes of pipe at the University of Pennsylvania. 
Figs. 14, 15 and 16 show the test points obtained in the Alden 
laboratory calibrations as well as the corrected 12-in. line coeffi- 
cient. Fig. 25 is a summary of all the calibrations and shows the 
agreement obtained by calibration in still water, the 16-in. throat, 
and in the 12-in. line. 

The calibrations made at the University of Pennsylvania with 
corrections by the three different methods are shown in Fig. 19. 


3 Angularity and Eddying Flow 


Angularity of flow in pipes has been much discussed. Theo- 
retically, the simple pitot tube over-reads in angular flow, but this 
error is small as shown by the fact that the difference between the 
value of V cos a, and V/(cos a) is but 0.2 per cent with a = 5 


_ deg, and this paper will attempt to show that the mean angularity 


of turbulent flow in the normal pipe line may not be as great as 5 
deg. It should be observed in passing that tests to determine the 
angularity characteristics of a pitot tube, i.e., rotating the tube 
about its axis, must be made under proper conditions. Tests 
made by rotating the long tip of a simple pitot tube at the center 
of a 12-in. pipe might throw the point of the tip a considerable 
distance from the center and into a lower velocity, thus requir- 
ing a greater angle to produce a given coefficient. When in 
turn the degree of angular flow in a pipe is inferred from a com- 
parison of coefficients, it is evident that the inferred angularity 
may be much too large. 

In order to study angular flow in pipes, the device shown in 
Fig. 26 was constructed with a cross-shaped vane free to move 
with the water in any direction up to about 30 deg from the pipe 
axis. The friction and inertia of this indicator was made as small 
as possible, its shaft being mounted in stainless-steel ball bear- 
ings. Its behavior was observed under normal flow conditions, 
and also with distorted flows as produced by bends or a nearby 
partly opened gate. 

With normal flow, readings failed to show an average angularity 
as great as 5 deg. The indicator was in constant and rapid vi- 
bration through small angles with an occasional jump to 10 or 15 
deg for an instant only as was shown by motion pictures. It has 


INDICATOR FOR STUDYING ANGULAR FLow IN PIpEs 


The angularity characteristics of the author’s pitot tube are shown 
in Fig. 27. It will be noted that when rotated through an angle of 
5 deg, the tube over-reads the cosine value by 1 per cent. The 
fact that the same coefficient was obtained ’in still water, in the 
smooth flow of the venturi throat, in the turbulent flow of the 
Alden laboratory 12-in. line and in the turbulent flow of the Uni- 
versity of Pennsylvania 12-in. line, indicates that turbulent ‘or 
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eddying flow such as encountered in normal pipe lines does not 
subject the author’s pitot tube to appreciable errors. 

In view of this evidence it seems that the existence of angles 
of 20 or 30 deg as claimed by some writers needs substantial proof. 


Tur Prrot-TRAVERSE MrtHop 


Broadly speaking, this method may include gagings made with 
the simple pitot tube and wall piezometers, but this paper is 
chiefly concerned with the combined type. With proper atten- 
tion to details of operation, flow measurements by readings of the 
center velocity are made rapidly and accurately. 


15 “How Water Flows in a Pipe Line,” by C. M. Allen, Mechani- 
cal Engineering, vol. 56, February, 1934, pp. 81-84. 
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(a) Selection of the Gaging Point. Although many important 
gagings have been made it is difficult to lay down a simple rule for 
guidance in selecting the gaging point. Actual conditions must 
govern and sometimes it is necessary to accept the best com- 
promise location and make trial velocity traverses of the pipe to 
indicate the suitability of the gaging point. Here, as elsewhere, 
there is no substitute for experience. 

In general, the longest possible straight length of pipe upstream 
should be selected, and not too close to a downstream bend or 
fitting. Sometimes ten diameters upstream, and two diameters 
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factor in connection with readings of center velocity, and also for 
the continuous recording of flow in a pipe line. With the pipe 
factor it is only necessary to make a continuous record of center 
velocities. 

(b) Traversing and Ring Integration. Traversing and the ring 
method of computing mean velocity from the velocity traverse are 
now well described in many textbooks and need not be repeated 
in detail here. The errors of computation are small if as many 
as ten equal-area rings are used and if two diameters at right 
angles are traversed. It is well to have one diameter in the plane 
of an upstream bend in order to judge the lack of 
symmetry in velocity distribution. 


GAGE POINT FACTORS FROM TRAVERSES IN 36x 16° VENTURI THROAT> 1% 30! 4.3.4) 
: eerear 


With unsymmetrical curves it is not safe to as- 


sume the horizontal traverse to have the same ratio 


of mean velocity to center velocity as the vertical 


traverse, even though they have the same center 
velocity. With two traverses 90 deg apart there 


are, of course, four values of velocity for each ring. 
In making velocity traverses it is important to 

secure readings close to the wall of the pipe and to 

do this the orifices are formed as shown in Fig. 6. 


It is good practice to check back to the center 
velocity at frequent intervals during a traverse in 


order to avoid readings which are not comparable 
because of a change in the cycle of flow variation. 
When traversing with an unsteady flow, as in water 


mains or power penstocks under variable load, it is 
convenient to use a second pitot tube set near the 
point of maximum velocity. The function of this 


second tube, called a “pilot meter,” is to indicate 
flow while the traverse is being made so that 
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Fig. 28 Comparison or Pres Factors ror LarGE PENSTOCKS AND SMALLER- 


DIAMETER PIPES 


downstream will give good results, depending on conditions of the 
pipe line and flow. 

The pipe factor or ratio of mean to center velocity has great 
practical value, because, when once obtained for a given gaging 
point in a pipe line, it holds good for a considerable time or until 
the roughness or tuberculation of the pipe wall has increased de- 
pending on the nature of the pipe and its coating, and upon the 
chemical character of the water. Sometimes the pipe factor will 
hold good for years, as for example in the cast-iron mains of a 
water works carrying the relatively hard water of the Great Lakes 
cities. 

Although the pipe factor may be shown to have a theoretical 
value of 0.83 upon the assumption that the velocity traverse is a 
semi-ellipse and cylinder, it seems useless to attempt to predict 
pipe factors in pipes of a given age or condition, for they vary 
from 0.70 to 0.90 according to local conditions and with some 
forms of vortex or spiral flow with depressed center velocity the 
pipe factor may even exceed unity. 

If the pipe factor changes at all with ordinary velocities it does 
so very slowly. A comparison of determinations in water-power 
penstocks and in smaller pipes is shown in Fig. 28. 

The pipe factor gives a ready means of making short tests, for 
example, in a penstock when interpolating between traverses 
made at several gate openings, for repeat measurements at gaging 
points of a city distribution system using the established pipe 


13 «14 


Fluctuations in velocity may be very large in 
water-works service mains, but in water-power 
penstocks with wheels at a fixed gate opening the 
velocity variation through a full cycle is usually 
relatively small. It is sometimes important to 
dampen large variations in the manometer by 
throttling the connections. To do this without 
affecting the mean reading requires care; and the 
form of pinch cock used on the rubber hose should compress it 
symmetrically as to inlet and outlet to obtain the best results in 
producing a mechanical average. 

The method of ring integration used at the Alden laboratory for 
the tests described in this paper was as follows: 

Traverses were made on two diameters, 90 deg apart. Read- 
ings were taken at the respective centers of area of ten rings of 
equal area. The position of the center of area for each ring was 
determined as follows: Ring No. 1 = Ry/(0.05), ring No. 2 = 
Rv/ (0.15), ring No. 3 = Ry/(0.25), ring No. 4 = Rv/(0.35), ete., 
where R = radius of pipe. The square roots of the pitot-tube 
deflections for each diameter were plotted to a large scale and 
smooth curves were drawn through the test points. From each 
curve twenty readings of the square roots were taken at the re- 
spective centers of area, making forty readings, and these were 
averaged to obtain the mean square root for the gaging section. 
This method is more accurate than that by the use of the mid- 
point of equal areas or by the average of the boundary readings 
of the rings of equal areas. 

With mean velocity thus obtained the pipe factor is computed, 
which in a case of straight pipe lines is a criterion of pipe-wall 
roughness; and in any pipe line reveals the suitability of flow 
conditions at the gaging point. 

Repeat traverses at the same location have frequently been 
found to check the pipe factor within 0.2 per cent and this is ex- 
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| cellent assurance of the accuracy of the pitot-traverse method. 


Further assurance is to be found in the agreement between the 
Alden laboratory calibration made by pipe factors, and the Uni- 
versity of Pennsylvania calibration made by constant traversing. 

(c) Reading of Center Deflections. In obtaining the center ve- 


» locity head or deflection which by the use of the pipe factor may 
* be converted to mean velocity, it is important to have the manome- 


ter and all connections from the orifices to the manometer leak- 
tight and entirely free from air. The glass U-tube or manometer 
should be clean so that the measuring liquid has a well-shaped 
meniscus and the specific gravity of the liquid should be deter- 
mined in the U-tube itself, at the temperature of use. Readings 


' of the manometer deflection should be made at frequent intervals 


throughout a full cycle of flow. These precautions, of course, ap- 
ply to traversing as well. 

In reading manometer deflections with eddying flow in nor- 
mal pipe lines there are pulsations in the U-tube which take place 
in cycles. If we record the readings through a full cycle we have 
the mean of the squares of the varying velocities and it has been 
claimed that this results in over-reading, but as the error is but 
0.15 per cent with 5 per cent change in velocity’® we may disre- 
gard it where fairly uniform flow is found. 

A motion-picture record of pitot-tube deflections throughout 
typical velocity cycles was made both for 12-in. and 40-in. pipe 
lines with normal flow conditions under the uniform head avail- 
able at the Alden Hydraulic Laboratory. This record showed two 
things, first, that the velocity changes are very small and, second, 
that these changes follow in well-marked cycles. 

In these tests three pitot tubes were set at three points at the 
same section in a 40-in. pipe and at two points in a 12-in. pipe, 
each having exactly the same length of hose connections. No 
throttling of the lines was employed, yet the U-tube readings 
changed very slowly. 

Variations caused by load changes may or may not follow a 
cycle but in important tests the load is always made as steady as 
possible. 

In small pipes such as are found in city water works the pipe 
is tapped under pressure on the vertical diameter in the usual 
way; the pitot tube is attached to the 1-in. corporation cock and 
its manometer is connected. The air is blown off from the U- 
tube and connections. The pipe is traversed usually with but 
five equal-area rings and the pipe factor is computed rapidly with 


the aid of a prepared form for the field notes. Where it is only 


necessary to know relative flows or changes, a single traverse of 
five rings is quite sufficient. The pipe diameter is determined by 
means of a special caliper. 

In large pipes it may be necessary to traverse an alternative 
location in order to select the best point. Two diameters should 
be traversed, and the use of 15 rings is recommended. ‘The pilot 
meter is usually of great assistance in securing @ good traverse. 

(d) Vibration of the Pitot Tube. With large-diameter pipes and 
moderate velocities, or with moderate-diameter pipes and high 
velocities, attention should be given to possible vibrations of the 
pitot tube. Slight vibrations do not seem to affect the readings 
of velocity head but large vibrations may increase them. It is 
well to check readings near the far side of the pipe by inserting a 
short pitot from that side so that its tips may stand close to the 
end of the vibrating rod. Oval sections with 2-in. major axis 
and 1-in. minor axis with tips as shown in Fig. 6 have been used 
successfully in pipes 12 ft in diameter without extra support. 


Tur Hnavy-Dury Rop 


The pitot tube shown in Fig. 29 is a heavy-duty rod which has 


16 ‘Applied Hydro- and Aeromechanics,’”’ based on lectures by 
L. Prandtl and O. G. Tietjens. Translated by J. P. Den Hartog, 
McGraw-Hill Book Company, Inc., New York, 1934, p. 47. 
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been used on ships with success. Its strength and rigidity have 
been demonstrated in practice where with 4 ft of unsupported 
projection, velocities of 50 fps have failed to disturb it. Because 
of its great strength, this rod, without the aid of extra supports 
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within the pipe, is specially adapted for high velocities and large 
pipe diameters. 

Because the pitot tube shown in Tig. 6 over-reads the cosine 
value by 1 per cent when rotated through an angle of 5 deg, con- 
siderable experimental work has been done in the last 2 years at 
the Alden Hydraulic Laboratory to develop a tube which will read 
the cosine to 5 or 6 deg and at the same time have a fixed coeffi- 
cient over a great range of velocities. Figs. 30 and 31 indicate 
the degree of success which has been attained by the use of the 
heavy-duty rod. Many calibrations of this type with its practi- 
cally uniform coefficient were made at the Worcester revolving- 
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Via. 31 


Cosine Curve ror Hwavy-Doury Prror Tuse 


boom rating station to a maximum speed of 20 fps and this speed 
was later extended to 50 fps when the tube was installed on a 
ship and rated over a measured mile. 


SUMMARY 


(a) The pitot tube, both simple and combined, is well adapted 
for the measurement of flow in pipes under pressure. 

(b) The coefficient of the simple pitot tube is practically unity 
for normal flow. 

(c) The coefficient of the combined pitot tube (D’Arcy type) is 
also practically unity for normal flow. 

(d) The coefficient of the reversible type (Fig. 6) is as shown 
by the calibration curves, Figs. 19 and 25, and ranges from 0.870 
at 10 fps to 0.885 at 3 fps and is practically unaffected by angu- 
larity to 3 deg. 

(e) The average angularity of flow in normal pipe lines is com- 
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monly less than 5 deg, although sudden angular fluctuations are 
occasionally as high as 15 deg. 

(f) The pitot tube, Fig. 6, reads close to the cosine of angular 
flows to 3deg. The heavy-duty type of pitot tube, Fig. 29, reads 
close to the cosine of angular flows to 6 deg, Fig. 31, and has a 
practically uniform coefficient from 3 to 50 fps. 


(g) Pitometer ratings made in still and moving water agree 
within 0.5 per cent of their mean values, when the proper correc- 
tion is made for the area of the protruding tube under usual con- 
ditions of angularity and eddying flow when rated in a pipe. 

(h) This method in common with all other methods of water 
measurement should be used by trained and experienced men. 


D-57-9 


Research Investigation of Current-Meter 
Behavior in Flowing Water 


By S. LOGAN KERR,! PHILADELPHIA, PA. 


This paper investigates the inconsistencies of flow mea- 
surements in closed flumes by means of current meters. 
It describes (@) the construction of a flume in which two 
meters were installed side by side and tested under varying 
conditions of flow, (b) the velocity distribution in the 
flume, and (C) the establishment of the true velocity plane 
across the face of the meters by means of a pitot tube. 
The pitot-tube coefficient was established for each flow 
condition, thus providing an accurate means of establish- 
ing the actual velocity existing in front of the current 
meter. 


measurement of flow in large hydroelectric plants by means 

of current meters, a research program was undertaken by 
the I. P. Morris Division of Baldwin-Southwark Corporation in 
their hydraulic laboratory at Eddystone, Pa. The original 
investigation included the study of available literature, princi- 
pally a paper by Messrs. Nagler and Yarnall at the University 
of Iowa, where current meters were placed in flowing water and 
oscillated back and forth, and also set at various angles with the 
flow, in an attempt to establish their behavior under turbulent 
conditions. It is felt, however, that this particular study did 
not actually simulate conditions under which current meters are 
frequently used in connection with measurements of the effi- 
ciencies of hydroelectric units. 

The resolution of turbulence into the two elements, angularity 
and variations in forward flow, seems to omit the very important 
factor of the variation of velocity across the face of the meter and 
the rapid fluctuation of velocity distribution in turbulent water. 

To investigate this phenomenon properly, it was decided to 
construct a flume in which two current meters could be installed 
side by side and tested under varying conditions of flowing water. 
Means were arranged for visual observation of the degree of tur- 
bulence present at the metering section. The original program 
was expanded considerably to include the investigation of ve- 
locity distribution in the flume, and particularly the establish- 
ment of the true velocity plane across the face of the meter by 
means of a pitot tube. All of the discharge measurements were 
checked by a calibrated weir, which was normally employed for 
testing model turbine units and other apparatus. The weir was 


lie ORDER to investigate certain inconsistencies in the 


1 Research Engineer, I. P. Morris Division, Baldwin-Southwark 
Corp. Mem. A.S.M.E. Mr. Kerr was graduated from the Uni- 
versity of Pennsylvania in 1921 with the degree of Bachelor of Science 
and in 1924 with degree of Mechanical Engineer. Upon graduation 
he entered the I. P. Morris Division of the William Cramp & Sons 
Ship & Engine Building Co. as research assistant. In 1924 he was 
appointed assistant hydraulic engineer and in 1927 assistant chief 
engineer. Since 1929 he has been research engineer in charge of 
experimental and field tests and development work on hydraulic 
turbines, governors, valves, and other equipment. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting, New York, N. Y., December 4 to 8, 1933, of THE 
AmmRICAN Socitnry or MecHanicaL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until October 10, 1935, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


calibrated by measuring the rate of rise in level in the sump tank 
while maintaining a constant flow over the weir. 

Fig. 1 shows the logarithmic calibration curve of the weir and 
the comparison of the calibration with the Rehbock formula. 
For the lower flows the weir shows slightly higher discharge than 
the formula, but for flows from 7 cfs to 91/2 ¢fs (the range during 
the tests of the current meters) the weir checks the Rehbock for- 
mula very closely. 

The pitot-tube coefficient was established for each flow con- 
dition, and hence provides accurate means of establishing the 
actual velocity existing in front of the current meter. 


DESCRIPTION OF APPARATUS 


The test flume as shown in Fig. 2 was 11 ft 81/2 in. overall, and 
had a bell mouth at the intake with two sets of racks to straighten 
out the flow. The first set consisted of 25 boards, 7/s in. thick on 
1%/; in. centers, located in a vertical plane. The second set con- 
sisted of 24 steel plates 1/1. in. thick on °/15 in. centers, and were 
placed 6 in. downstream from the vertical racks and extended a 
total of 10 in. downstream. ‘Two removable screens with fine 
mesh were installed about 24 in. further downstream to remove 
from the flow any remaining disturbances. ‘These screens were 
cleaned periodically to make certain that no foreign matter was 
clogging them and changing the flow distribution in the channel. 
At a point 2 ft 71/4 in. downstream from the lower end of the 
horizontal racks was an aperture, in which removable baffle 
plates could be installed. The various baffle plates used in the 
tests are shown in Fig. 2 as arrangements A, B,C,and D. These 
baffles consisted of steel plates arranged with dowels to center 
them, thus placing them in exactly the same position for each 
test. 

The current meters were installed 4 ft 10 in. downstream from 
the baffles and a safety-glass window was located in the top of the 
flume immediately above the propellers of the meters. 

For the first series of tests a system of yarn streamers was in- 
stalled about 12 in. upstream from the meters and located in 
three horizontal planes, at 1/,, 1/2, and °/, of the height of the 
channel. This placed the middle group of yarns on the horizontal 
centerline of the meters and the upper and lower groups beyond 
the periphery of the meters. On the first traverses of the pitot 
tube, it was found that these yarn streamers would follow closely 
the true stream lines and conform to the contour of the tube. 
When the accurate pitot-tube determinations were in progress, 
the yarn streamers and wire supports were removed to avoid any 
possible interference with the flow. 

Illumination was provided on both sides of the flume to permit 
a visible study of the flow conditions in the metering section. 

Each pair of meters employed consisted of one right-hand and 
one left-hand meter of the type manufactured by Dr. Ott in Ger- 
many and loaned for this investigation by the Safe Harbor 
Water Power Corporation. Two of the meters were the so-called 
type 1 (spoke type) and the other two were designated as type 
2 (screw type). The meter bodies, as used in service conditions, 
were also employed, supported by a bar made of hardwood of the 
same shape as the supporting bars used in the field. The testing 
flume discharged into the weir channel approximately 2 ft down- 
stream from the centerline of the meters. The flow then passed 
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through a series of racks and screens and over the calibrated weir. 

The water was discharged into the sump and pumped back into 
the head tank, passing through a controlled orifice into the pool 
in which the current-meter flume was installed. The recircula- 
tion of flow was accomplished by a high-speed propeller-type 
pump and arrangements were made to maintain the speed of 
this pump constant by using a separate rotary-converter unit in 
the plant sub-station, thus giving freedom from voltage fluctua- 
tions. 

Fig. 3 is a view looking downstream through the flume before 
the installation of the racks and screens, showing the location of 
the two meters. 


Merrer CaLipraTions 


Each of the meters employed had been carefully calibrated in 
the tangent still-water rating flume at the Bureau of Standards in 
Washington. These rating curves were used to determine the 
velocity of flow as registered by the meter. Additional calibra- 
tions were made in Washington to give the degree of registration 
of the forward velocity of the meter when the meter itself was 
placed at different angles with the direction of movement of the 
rating car. These were the so-called “angular still-water ratings” 
of the meters, in contrast to the normal straight-line ratings. 
The angular ratings were determined for several forward ve- 
locities and a general average calibration curve was prepared 
which was used to compute the so-called “angular correction” 
for field testing, using the two-type meter method. The meters 
gave differing results, depending upon the quadrant in which the 
angle was measured, that is, whether the flow approached from 


the top or bottom or whether it approached from the right or left. 
As these variations usually were less than 1 per cent, the 
average correction curve should reduce the error to within the 
accuracy of the flow measurements. These details have been 
dealt with at length by J. M. Mousson in his discussion? of 
Hunter Rouse’s 1932 paper.* The difference in registration, or 
angular calibration, is sometimes considered as a means of estab- 
lishing the correction for angular flow in the metering section. 


Fie.3 Downstream Virw THROUGH THE FLUME Brerore INSTALLA-- 
TION OF Racks AND Screens SHOWING LocaTION oF THE Two. 
METERS 


? Discussion of ‘‘Research Institute for Hydraulic Engineering and’ 
Water Power,” by Hunter Rouse, Trans. A.S.M.E., 1933, vol. 55, 
paper HYD-55-3, p. 33. 

5 “Research Institute for Hydraulic Engineering and Water 
Power,”’ by Hunter Rouse, Trans. A.S.M.E., 1932, vol. 54, paper: 
HYD-54-3, p. 27. 
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Fic. 2 ARRANGEMENT OF THE CURRENT-METER TESTING FLUME 


DESCRIPTION OF TESTS 


The first series of tests consisted in observing the behavior of 
the current meter with various types of flow in the test flume. 
The flow distribution was not measured but each arrangement of 
baffle, namely, A, B, C, and D, was employed for several different 
velocities. Tests were also made with smooth flow with no 

baffles in place. The meters were interchanged, that is, the 
right-hand meter and left-hand meter were reversed in their 
positions and both types of meters were tested in this manner. 
It was found that the differences in registration between the 
two types of meters, referred to their angular still-water calibra- 
tions, indicated very pronounced angularity of flow which did not 
appear to be present from visual observation. These differences 
in registration are given in Table 1. 

As a result of this preliminary series of tests it was apparent 
that further research was necessary to establish the flow dis- 
tribution in the flume and particularly to determine the average 
velocity immediately in front of the meter so that this value 

could be checked against the current-meter registration and the 
degree of over or under registration thus determined. 
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Fic. 4 Derai or THE Piror-TuBE CONSTRUCTION 


TABLE 1 REGISTRATION DIFFERENCES BETWEEN THE TWO 
TYPES OF METERS 


Diff. type 1 Percentage 


meter minus correction Apparent 
type 2 meter type 1 meter angularity, 
Type of flow over type 1,% (added), % degrees 
1 Smooth flow preliminary tests 3.14 0.99 11.7 
2 Smooth flow final tests...... 3.66 1.13 12.5 
3 Five 3-in. baffles half depth. . 3.42 1.08 11.8 
4 One 9-in. baffle half depth... 5.18 1.59 14.8 
5 Five 3-in. baffles full depth. . 8.56 2.60 18.8 
6 One 9-in. baffle full depth... 17.02 5.07 25.8 


Prrot-Tusr TRAVERSE 


A pitot tube conforming to the type commonly used in pen- 
stock work was installed in the section immediately upstream 
from the meters. This pitot tube had a single dynamic-pressure 
hole. The static pressure was taken at four points, each of 
which was connected to an individual gage glass. Three of these 
static-pressure holes were in the bottom of the flume, one located 
on the centerline of the flume and the other two on the centerlines 
of the current meters. The fourth static-pressure hole was lo- 
cated on the left-hand wall of the flume looking downstream to 
check any possible difference due to side velocities or eddy cur- 
rents. 

The tests under this series were really in two parts. The first 
series was made to establish the average velocity of flow im- 
pinging on the current meters while the second group was made 
to establish the average pitot-tube coefficient under actual flow 
conditions existing. 


DwscrIprion oF Prrot-TuBE APPARATUS AND Test Mreraops 


Fig. 4 shows the pitot-tube construction. Fig. 5 is an eleva- 
tion of the flume with the location of each individual pitot- 
tube traverse point designated and with the positions of the me- 
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ters shown. Fig. 6 illustrates the method of determining the 
average velocity in front of the meter by plotting five horizontal 
traverse curves, each having five individual pitot-tube determina- 
tions of velocity. With this grid of points established, the area 
in front of the current meter was divided into five annular rings of 
equal area in a manner similar to the method employed in mea- 
suring the velocity in closed conduits. The velocity curves were 
then plotted on the eight radial planes and the velocities deter- 
mined at the center of each annular ring. This established eight 
velocity points for each of the five annular rings, or a total of 40 
velocity points, the average of which was used as the mean ve- 
locity in front of the meter. 

Additional tests were made for certain of the runs to establish 
the velocities adjacent to the walls in order to avoid any uncer- 
tainty in regard to the velocity distribution existing between the 
last pitot-tube point and the wall of the flume. These studies 
were made very carefully at points taken !/; in. from the wall and 
four other points at intervals of 1/,in. apart until the zone about 
1 in. from the wall was thoroughly explored. 

During the first runs several very interesting facts were brought 
to light. It was found that pitot-tube traverses could be checked 
very well even in turbulent flows, providing there had been no 
interruption in the flow. The usual shutdown at noon-time was 
eliminated, tests being carried straight through without inter- 
ruption until the entire set of traverse points had been measured, 
even though it was necessary at times to continue testing until 
evening. 

It appeared that the general condition of flow could be dupli- 
cated, but the exact distribution varied enough to make it neces- 
sary to avoid interruptions when determining the pitot-tube co- 
efficients. 


Prrot-Tusr TRAVERSE 


In order to give a clear picture of the velocity distribution un- 
der the three types of flow, isometric drawings have been pre- 
pared showing the velocity points. Fig. 7 shows the conditions 
of test 410-2 for smooth flow at the mean velocity of 2.6 fps. 
Fig. 8 shows a similar arrangement for the five 3-in. baffles at 
one-half depth, corresponding to baffle arrangement B, Fig. 2. 
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Traverse Cx 


Radius 7 


Fic. 6 Traverses Usep AND LocaTIon or Pitot TussE In EQuat- 
AREA Rings at WHICH VELOCITIES WERE DETERMINED 


(Diagram of 43/4 in, diam. circular area in front of meter. Heavy dots 

show points in five rings of equal area at which velocities by pitot tube 

were determined. Average of these oa velocities was used as mean ve- 
locity in front of meter.) 


Fig. 9 shows the arrangement for test 410-3, which had five 
3-in. baffles placed full depth in the flume, as indicated in baffle 
arrangement A, Fig. 2. It will be noted from these drawings that 
the velocity plane in front of the meter was a very irregular 
warped surface, which results in an unequal distribution of ve- 
locity across the plane of the current meter. This is particularly 
true when turbulence is present or when distortion of flow is en- 
countered with the baffles at one-half depth, as shown in Fig. 8. 

The wall velocities were investigated for the last 1 in. from the 
wall by pitot-tube readings taken very close together, the closest 
reading being taken !/3 in. from the wall. Fig. 10 shows these 
curves plotted to a large scale for the average flume velocity of 
2.2 fps with the five 3-in. baffles at one-half depth (baffle ar- 
rangement B, Fig. 2). It will be noted that the velocities adja- 

cent to the right-hand and left- 
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V = (a constant) X X’/7.. [1] 


where X = the distance from 
the wall. 

This agreement is indicated 
by the curves in dashed lines 
shown in Fig. 10, derived from 


formula [1]. 
In some of the tests at the 
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the left-hand wall were difficult 
to determine because of the 
tendency of the pitot tube to 
oscillate. In such cases, the 
wall velocities for the last 3/, in. 
from the wall were determined 
by thevon Kérmdan and Prandtl 
formula. 


Ne es: 


(31,19 


ue" 1S 


HYDRAULICS HY D-57-9 


299 


Fig. 7 Ve.ociry DisrrisuTion IN THE FuumME Wits No BAFFLES 


For SmMooTH Fiow at 2.6 Fps—Conpitions For Tmst 410-2 


Fig. 9 Veuocrry Distrisution Wir Five 3-IN. BAFFLES AT Fuuu 
Depro AND Mran Vecocity or 2.6 Frs—Conpivions FOR Test 
410-3 


RESULTS 


Table 2 gives a comparison of two independent calculations of 
the pitot-tube coefficient in tests 410-2 to 410-7, inclusive, for 
the various flow conditions outlined. The formula used was V = 
Cy/(2gh), the values of the coefficient C being given in Table 2. 

In Table 2 it will be noted that the pitot-tube coefficient varies 
with different flow conditions and with velocities. In order to 
relate this to previous experience, data as shown in Fig. 11 is in- 
eluded in this paper. arly tests in a closed pipe, made by F. H. 
Rogers at the University of Pennsylvania in 1909, show a marked 
variation of pitot-tube coefficient increasing from 0.969 at a ve- 
locity of 2 fps up to 1.00 at a velocity of 15 fps. In the range in 
which we are most interested, namely, 2 to 6 fps, an average co- 
efficient of 0.976 appears to be reasonable for smooth flow free 
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TABLE 2 COMPARISON OF PITOT-TUBE COEFFICIENTS FOR 
VARIOUS FLOW CONDITIONS 


Test Laboratory Independent Ie 
no. calculations calculations Flow conditions 

410-2 0.969 0.965 Smooth flow, mean flume velocity 2.6 
fps. For sides, formula [1] was 
used since it corresponded closely to 
exp. results on 410-7. For bottom 
and top, avg of 410-7, right side, 
was used 

410-3 0.953 0.948 Five 3-in. baffles at full depth. Mean 
flume velocity 2.6 fps 

410-4 0.939 0.939 Five 3-in. baffles at full depth. Mean 
flume velocity 2.2 fps 

410-5 0.957 0.962 Five 3-in. baffles at half depth. Mean 
flume velocity 2.6 fps 

410-6 0.934 0.938 Five 3-in. baffles at half depth. Mean 
flume velocity 2.2 fps. Curves at 
side observed. Top and bottom 
taken as avg of right side 

410-7 0.976 0.975 Smooth flow, mean flume vel. 3 fps. 


Curves at sides observed. Top and 
bottom taken as avg of right side 


from turbulence. This coefficient also corresponds to the value 
designated in the Machinery Builders Test Code for pitot tubes 
in closed conduits. Additional values were secured from tests 
made for the S. Morgan Smith Company at Worcester Poly- 
technic Institute by Prof. C. M. Allen, in which the coefficient 
varied from 0.96 to 0.98, but averaged very close to 0.976. 

When plotting the results of the tests for the 410 series, it was 
found that the smooth-flow coefficients averaged very closely to 
the mean curve of the University of Pennsylvania tests, shown as 
the I. P. Morris curve in Fig. 11. When turbulence was intro- 
duced, however, it was found that the difference between the de- 
terminations was much greater and that no single curve could be 
drawn through the points. By reference to the previous tests, a 
band of coefficients was established by drawing lines through the 
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which is included for reference. The data in this table have been 
plotted in Fig. 12. 

The ratio of velocity by pitot tube to velocity by meter, taken 
from the last column of Table 3, are plotted as ordinates, while 
the velocities of the current meter established from the still- 
water calibrations made at the Bureau of Standards in Washing- 
ton are plotted as abscissas. This curve, therefore, shows the 
meter coefficient for different velocities and for both smooth and 
turbulent flows. 

It will be noted that a band about 1 per cent wide, slightly on 
the side toward over-registration, results when smooth flow exists 
in the channel. When turbulent flow exists, the meters have a 
definite tendency to over-register and also the band of points is 
nearly twice as wide as that for smooth flow. It is interesting to 
note that in no case with turbulent flow did the meter under- 
register, as compared with the absolute-velocity determination by 
pitot tube. 


CONCLUSIONS 


From the study of these tests certain conclusions can be drawn 
which should be carefully considered in making determinations of 
discharge under field conditions. The so-called ideal conditions 
for current-meter measurement could be outlined somewhat as 
follows: 


1 The measuring section should be rectangular in form and a 
sufficient distance downstream from any change in direction or 
change in area to insure smooth flow lines, with a velocity in ex- 
cess of 1 fps and not over 8 fps. 

2 The section should be free from turbulence caused by racks, 

supports, piers, or changes in 
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Fic. 11 Variations or Pirot-Tusre Conrricient WiTtH Mran Fiume VELOCITIES 


maximum and minimum values, similar in shape to the mean 
curve for smooth flow, and denoting the zone between these two 
curves as the probable range of coefficients under turbulent 
flow. 


Comparisons WiTH CuRRENT-MbrTER REGISTRATIONS 


From the velocities measured by the pitot tube, using the 
correct coefficient as determined for the particular flow condition 
and velocity, it was possible to determine the mean velocity in 
front of the meter and compare this with the registration of the 
meter obtained periodically during the pitot-tube traverse. A 
reading of the meter was taken after each individual traverse, 
after the pitot tube had been withdrawn from the flume. Eight 
or nine meter readings were taken for each complete traverse, 
these meter readings checking within a small fraction of 1 per 
cent. 

Table 3 gives the results of this determination for both right- 
hand and left-hand meters. The type 1 meter alone was used for 
tests 409 and 410, but three runs were made with type 2 meter, 


distinct tendency toward over- 
registration, as compared with 
either the still-water rating or 
with the actual registration of the meter in smooth-flowing water. 
The results of this investigation, shown in Fig. 12, indicate that 
turbulence may cause the meters to register from 2 to 5 per cent 
excess discharge. 

An objection might be raised that, because of the relatively 
small size of the flume, the reduction in area caused by the current 
meters would result in a higher velocity at the section containing 
the meters than at the section of the pitot-tube traverses. A 
correction was made, computed from the area of the current-me- 
ter vanes and hubs, by adding 0.66 per cent to the velocities de- 
termined by the pitot tubes. Assuming, however, that this cor- 
rection is in error, and that for smooth flow the coefficient of the 
meter should be unity, it is evident that for turbulent flow the 
meter would still over-register by approximately 2'/2 per cent. 
This method of comparison is equivalent to using a rating of the 
current meters derived from their actual behavior in place in the 
flume under smooth-flow conditions, instead of their still-water 
ratings. That is, if the smooth-flow ratings, based on actual 
measurements of the discharge by calibrated weir, are applied to 
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TABLE 3 COMPARISONS BETWEEN CURRENT-METER AND PITOT-TUBE REGISTRATIONS, TESTS 409 AND 410 
: -——Left—Meter No. 5764-1-L——~ -——Right—Meter No. 5759-1-R——- 
Pitot Ratio Ratio 
coefi. Avg Avg pitot Avg Avg pitot 
Mean from pitot pitot Avg vel. to pitot pitot Avg vel. to 
Run flume a test vel. vel. meter meter vel. vel. meter meter 
No. vel. Flow condition 410 observed + 0.66% vel. vel. observed + 0.66% vel. vel. 
409-1 3.080 PSN Ot] SAN CRIS ee Beta Ce See castes re 0.976 3.151 3.172 3.182 0.9969 2.962 2.982 3.042 0.9803 
—2 2.590 Smooth.........-.-. +022. 02sec eee ees 0.969 2.694 2.712 2.718 0.9978 2.498 2.514 2.557 0.9832 
-3 2.578 5 3-in. baffles at full depiheeas-65.4-1<5 0.953 2.782 2.800 2.817 0.9940 2.367 2.886 2.882 1.0014 
as 2.200 5 3-in. baffles at full depth... +55 omc = 0.939 2.027 2.040 2.140 0.9534 2.438 2.454 2.530 0.9699 
-5 2.600 5 3-in. baffles at 1/2 depth........... 0.957 3.084 3.104 3.173 0.9783 3.090 3.110 3.178 0.9786 
—-6 2.200 5 3-in. baffles at 1/2 depth..........- 0.934 2.493 2.509 2.571 0.9759 2.467 2.483 2.540 0.9776 
410-1 3.000 Saiootnes sae eee wlen eines ae a : 0.976 3.130 3.151 3.145 1.0019 2.931 2.950 3.012 0.9794 
-2 2.600 Smooth.........+ 222+ see eee eee seers 0.969 2.767 2.785 2.807 0.9922 2.531 2.548 2.589 0.9842 
-3 2.600 5 3-in. baffles at full Gaptee as cues. ss: 0.953 2.569 2.586 2.693 0.9603 2.665 2.683 2.767 0.9697 
—t 2.200 5 3-in. baffles at full depuby. sherry =o 0.939 2.100 2.114 2.196 0.9626 2.291 2.306 2.415 0.9549 
-5 2.600 5 3-in. baffles at fe Geptne < svecc 3 0.957 3.152 3.173 3.282 0.9668 3.054 3.074 3.175 0.9682 
-6 2.200 5 3-in. baffles at 1/2 depth........... 0.934 2.633 2.650 2.753 0.9626 2.530 2.547 2.655 0.9594 
—7 3.000 "SETS TED eae ee ene peer) cei eS Pea 0.976 3.176 3.197 3.184 1.0041 2.941 2.960 2.980 0.9933 
Left—Meter No. 5764-2-L Right—Meter No. 5759-2-R—— 
409-7 3.000 Smooth Bp Ree ae we aie'e sb euels patel < 0.976 2.821 2.840 2.813 1.0096 2.726 2.744 2.751 0.9975 
-8 2.600 5 3-in. baffles at fullidepthn:..)-.- = -ie 0.953 2.809 2.827 2.596 1.0890 2.960 2.960 2.714 1.0980 
-9 2.600 5 3-in. baffles at 1/2 depth........... 0.957 3.126 3.147 3.162 0.9953 3.140 3.161 3.193 0.9900 


Average ratio for smooth flow = 0.991. 
Average ratio for all baffles = 0.970. 
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Data IN TABLE 3 


the turbulent-flow measurements, the results will exceed the ob- 
served flow by approximately 2'/2 per cent. 

Where angular flow occurs, in combination with turbulence, 
the accuracy of water measurements by current meters is still in 
doubt as no tests are available to indicate that correct results can 
be secured under such conditions. 

In conclusion, it should be stated that the tests made in the 
I. P. Morris Laboratory at Eddystone, Pa., were undertaken in 


an attempt to clear up some of the elements of doubt which 
have existed in regard to current-meter measurements, and 
to explain the discrepancies which have resulted when current- 
meter measurements are made under conditions which are not 
ideal. It is felt that further research and studies are necessary, 
and these should include the determination of the true-velocity 
plane in front of the current meter under varying conditions of 
flow. Such determinations would clear up some of the unex- 
plained differences between the results secured at Eddystone and 
those secured in other flumes and in open channels. Another 
feature which should be established is the behavior of current me- 
ters with both turbulent and oblique flow present simultaneously 
in the metering section. From such determinations it might be 
possible to fix more definitely the limiting conditions under which 
current meters should be employed for precise flow measure- 
ments. 
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Water Gaging for Low-Head Units 
of High Capacity 


By J. M. MOUSSON,! BALTIMORE, MD. 


In the field of hydroelectric construction there has been 
in recent years considerable advance in the development of 
low-head units of high specific speed. This tendency in 
design has been conducive to the development of low-head 
sites which were at one time considered uneconomical. 
It became, therefore, increasingly important to find 
methods of measuring the discharge of low-head plants 
where the water quantities are large and the water pass- 
ages particularly short and unsuited to other methods of 
testing. American engineers had developed methods of 
measurement of flow in long penstocks and then at- 
tempted to extend these methods to plants with shorter 
water passages. European engineers have shown a prefer- 
ence for current meters, at one time commonly used on 
both sides of the Atlantic for measurements in large in- 
takes. 

The paper discusses the status of the current-meter 
method in Europe at the time this method was selected 
for the tests at Safe Harbor and the application of the 
two-type meter method. It shows how this method was 
applied at the outset and how certain modifications were 
made for increasing the reliability and decreasing the 
time and effort required for making tests. These made 
possible new methods of compilation which have been de- 


INTRODUCTION 


N COMPLETION of the first four main units of the initial 
C_)instaation at Safe Harbor, it was essential that careful 
measurements be made of the water used for the purpose of 
accurate accounting, for determining the characteristics of the 
units preparatory to laying out loading schedules, and for many 
economic studies required in connection with operation. Inas- 
much as the water passing through the wheels constitutes a rela- 
tively large proportion of the total river flow, accurate measure- 
ment is particularly desirable for the purpose of providing a re- 
liable flow record and for dispatching water to the plants below. 
The four main turbines are of the Kaplan type whereas the two 
service units have Francis runners. The Kaplan turbines have a 
capacity of 42,500 hp at a rated head of 55 ft, a speed of 109.1 
rpm, and a maximum discharge of approximately 9000 efs. A 
typical cross-section through the power house on the center 
line of a main unit is shown in Fig. 1. The water enters through 
three intake bays. Twelve such units are provided for in the 


1 Safe Harbor Water Power Corporation, Baltimore, Md. Mr. 
Mousson was graduated in 1926 from the Swiss Federal Institute of 
Technology, Zurich. He was designing engineer with the Pennsyl- 
vania Water & Power Co., and the Electric Bond and Share Co. 
from 1928 to 1929. Since that time, he has served on the engineering 
staff of the Safe Harbor Water Power Corporation as designing 
engineer, sponsor, and hydraulic engineer. 

Contributed by the Hydraulic Division and presented at the 
Annual Meeting, New York, N. Y., December 4 to 8, 1933, of THE 
American Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1935, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


veloped to facilitate greatly this phase of the testing 
program. The successful application of these methods 
should make current-meter measurements more feasible 
than ever before. 

In preparation for these tests, investigations were con- 
ducted at the Bureau of Standards and elsewhere to deter- 
mine the characteristics and limitations of the meters 
under various conditions of uniform, oblique, pulsating, 
and turbulent flow. 

It has been shown that water passages with parallel 
sides for metering and approach sections do not insure 
parallel flow, and that even under as nearly ideal condi- 
tions as it is practical to secure, the use of two types of 
meters will indicate an effective angularity. However, it 
is believed that accurate measurements of oblique flow 
can be made by the use of two types of meters, each 
affected to a different extent by angularity. The use of 
this method will greatly enlarge the field of current-meter 
testing. 

There are pointed out the advantages of making index 
tests in conjunction with current-meter measurements; 
not only to extend them to a wide range of operating condi- 
tions, but also as a measure of the consistency of the dis- 
charge measurements. 
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plans for the ultimate development. The two service units are 
rated at 3100 hp and 180 rpm under a head of 55 ft. 

The testing program provided for discharge measurements on 
two of the main units and one service unit. These tests were 
carried out during the summer and fall of 1932 and 1933. 


SeLecTion oF MrtTHop 


Before selecting the method to be used, a careful study was 
made of the history and development of many methods of water 
measurement. The weir, traveling screen, and salt-titration 
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methods could be eliminated as impractical on account of the 
tremendous quantities of water to be gaged and the impossibility 
of erecting the necessary structures at reasonable cost. 

In general, the field of turbine testing in America, for the last 
decade at least, had been dominated by the Gibson and the Allen 
methods. The increasing success that these experimenters had, 
even outside of the field of long pipe lines, where their methods 
were eminently suited, had brought them more nearly into the 
domain of the methods used where the water passages are particu- 
larly short, as in low-head plants. 
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Although current meters have been used in America, the results 
were on the whole rather unsatisfactory, principally because too 
extensive measurements were attempted with too few meters, in- 
adequate supporting frames, and often improper location of the 
measuring section, particularly if in the tailbay. 

During the years prior to 1931, marked improvements had been 
made in the art of current-meter measurements which were not 
generally appreciated in America because of the limited applica- 
tion that had been made in this country. These improvements 
were not confined to the meters alone, but applied also to the 
apparatus, set-ups, and procedures. The simultaneous use of a 
large number of meters had led to the adoption of movable sup- 
porting frames. Graphic recorders had found successful applica- 
tion for making a permanent record, avoiding thereby the need 
of a large corps of observers. 

Large propeller units were more highly developed at an earlier 
date in Europe than in America, and stimulated a keener demand 
for a method that would successfully measure unusually large 
quantities of water. The layout of these plants precluded the 
use of a weir and the shortness of the water passages in proportion 
to the width put them in a range to which the American methods 
had not been extended at that time. 

Inasmuch as Safe Harbor resembles similar European plants 
in this respect, it is only natural that careful consideration should 
be given to the methods that were used abroad. The engineers 
connected with the Safe Harbor tests fully appreciated the 
possibility that the Gibson and Allen methods might eventually 
be applied to similar layouts, but in view of uncertainty in this 
respect, it was decided to use that method for which the greatest 
amount of accumulated experience was then available. 


CurrENT-METER Practics in EvroprE 


It is well to consider the stage of development that the current- 
meter method had reached at the time the Safe Harbor tests 
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were contemplated. This may best be done by describing briefly 
the test equipment and procedures used in 1931 at Ryburg- 
Schwoerstadt, on the Rhine between Germany and Switzerland. 

These tests were confined to one of the four Kaplan turbines. 
Each of these turbines discharges a maximum of about 11,650 
efs under a head of 35.2 ft. Three current-meter frames, one for 
each intake bay, were provided. Each of these frames supported 
ten current meters. They were raised and lowered by three hand 
winches, one for each frame, supported by a temporary wooden 
structure as in Fig. 2. The position of the frames was indi- 
cated by an arrow mounted on the intake deck and by markings 
on the hoisting ropes. 

The current meters were right hand, Ott V Texas type equip- 
ped with spoke-vane propellers. False steel roofs extending from 
the racks to the upstream edge of the stop-log slots were in- 
stalled in the intakes to straighten the flow approaching the 
measuring section, Fig. 3. The roofs were sloped, however, 
approximately 10 deg toward the downstream side, and the plane 
of measurement was assumed to be flush with the downstream 
edge of the temporary structure. The area of the water passage 
at the plane of measurement in each intake bay was rectangular 
in shape, 23.0 ft wide and 29.1 ft high. 


Temporary 
celling 


Fig. 3 Cross-Section THroucH INTAKE WirH Fatse Roor, 
RyBuRG-SCHWOERSTADT 


During each test the frames were brought to 12 different ele- 
vations, and held for about 1 min. The spacing of the meters 
as well as the various frame positions were chosen so that the 
areas represented by each point of measurement would be small 
near the side walls, intake bottom, and intake roof, but pro- 
gressively greater toward the center. During each test re- 
quiring between 22 and 24 min, 360 measurements were taken. 

One graphic recorder was provided for each intake opening. 
The circuits for the commutators of the current meter were con- 
nected individually to ten pens, while one pen on each recorder 
registered the time in seconds. 


HYDRAULICS 


A total of 24 tests were made under almost identical head 
conditions. The measurements were divided into groups of four 
or five runs, each group covering the range of peak efficiency for 
a given fixed runner-blade setting and variable gate opening. 


SELECTION oF APPARATUS AND DESIGN OF HQUIPMENT 


(a) Current Meters. An extensive study was made of all 
data then available regarding the various current-meter de- 
signs and their respective behavior in still as well as in flowing 
water. Considering the fact that current meters had not been 
extensively used for discharge measurements on turbines in 
America the wealth of data was surprising. These data con- 
cerned practically all known current meters of American and 
Buropean design of both the cup and propeller type such as the 
Price, Gurley, Hoff, Haskell, Pegram, Fteley, Ott, Stoppani, and 
Amsler. 

At the outset it was realized that the principal difficulty to be 
feared was the effect of the bell-mouth. With intakes as shown 
in Fig. 1, it would be necessary either to correct for the conver- 
gence of the stream lines approaching the gate slots where 
measurement would be made, or else to erect some means of 
securing parallel flow by a false roof. 

The A.S.M.E: Test Code, now in course of revision,? specifies 
on page 18, paragraph 101: ‘‘Meters of two types shall be 
used having opposite characteristics in running water; that is, 
one type of meter retarded by oblique flow and the other type 
accelerated by oblique flow.” 

The first consideration, therefore, was to choose from the 
available types two suitable meters, i.e., a type which would 
over-register slightly in oblique flow, and a second which would 
under-register approximately by the same amount, so that the 
true discharge would be derived by averaging the readings of 
the two. 

As a result of our study, no suitable meter could be found which 
would consistently over-register for a given angle of obliquity 
whatever the plane of approach. The cup meters which have the 
tendency to over-register, could not satisfy the requirements as 
these meters very obviously are affected differently depending 
upon the plane of approach.? Some tests were actually made 
using cup-type meters simultaneously with propeller-type meters, 

but it is obvious that because the over-registration of cup meters 
is dependent upon the plane, this cannot be a reliable means of 
doing more than indicating that oblique flow exists in the section. 

In view of this fact it was proposed to substitute in place of 
the meters called for in the Power Test Code, two types of meters, 
both of which under-register but to different extents. 

The object was then to provide first a meter termed type 1, 
which should register in oblique flow, as nearly as possible the 
actual flow times the cosine of the angle of inclination, i.e., the 
component in the direction of the axis of the meter; and another 
meter called type 2 which should differ as much as possible from 
the characteristics of type 1, but still have a stable and well- 
defined relation between the amount of registration and the 
angle of inclination to the flow. It is the sole purpose of this 
type-2 meter to measure the amount by which the type-1 meter is 
affected by angularity. 

The meter which at that time best satisfied the requirements 
for the type 1 was the Ott V Texas type with three square vanes 
mounted on radial spokes. These meters had a nominal pitch of 
25 cm, Fig. 4. An example of the painstaking care and fore- 
thought on the part of the manufacturer is his provision of 


2 Power Test Code, Subcommittee No. 18, Ely C. Hutchinson, 
chairman. 

3L. A. Ott’s discussion of ‘Research Institute for Hydraulic 
Engineering and Water Power,” by Hunter Rouse, Trans. A.S.M.E., 
1933, vol. 55, no. 10, p. 41, paper HY D-55-3. 
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plaster molds for the propellers so that whenever desired a check 
could be made of the propeller shape to see that it had not become 
damaged or altered, even in the slightest degree. 

The decision reached for the first type of meter naturally in- 
fluenced the selection of the second and the advantage of having 
clamps, bodies, axles, ball bearings, and all spare parts inter- 
changeable made the decision obvious. 

In spite of all the information which the manufacturer had, it 
was deemed necessary that some experimental work should be 
done before being satisfied that the meters he had to offer were 
the most suitable. The fact that there is a rating station at the 
factory greatly simplified the situation, as valuable time could 
thus be saved. Based on the results of his test, the preliminary 
decision to use the type-1 meter was adhered to, while the Ott 
V Texas meter, equipped with a propeller of conical screw shape 
and 50-em pitch, was selected for the type 2, Fig. 5. 
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In European practice it is customary to observe an established 
relation, which is that the number of stations should be between 
4.3 and 7.6 times the square root of the area of the section in 
square feet. After carefully considering various possible ways of 
dividing the intakes, it was decided to use nine meters of each 
type in each intake, thus requiring, with one spare of each kind, 
56 meters. Each propeller was furnished with its plaster mold. 

It had been decided that, in order to avoid error arising from 
the effect of eddies with axis parallel to that of the meter, it would 
be necessary to use right-hand and left-hand meters alternately 
placed, a principle rigidly adhered to throughout the tests. 

(b) Supporting Frames for Current Meters. The three frames 
supporting the meters were built to travel in both head-gate and 
emergency-gate slots. The frames consist of two structural- 
steel ends, to which two horizontal cross-members are bolted. 
These horizontal cross-members consist of chrome molybdenum, 
streamline, seamless steel tubing 2 X 4.75 in., heat-treated 
to give high tensile strength, Fig. 6. The special material 
made it unnecessary to have diagonal bracing, which would 
have set up possible undesirable disturbances. ‘The end girders 
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Fic. 6 Current-Merer Suprort FramMeE, Typr-1 anp Typr-2 
Meters MountTep SIMULTANEOUSLY 


(Note horizontal row of pitot tubes.) 


Fie. 7 Current-Meter FrAMeE Horst. Typr-2 Meters 
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are equipped with rollers. Those on the downstream side are 
mounted rigidly, while those on the upstream side and adjacent 
to the piers are mounted on arms so that they can be forced out- 
ward by springs to eliminate vibration and to hold the frames 
firmly in position in spite of any variation in the width of the 
slots. The structural-steel ends are closed off on the water- 
passage side by means of a steel plate to eliminate disturbances 
along the piers. Special gages were constructed for inspection 
at the factory and during field assembly to check the alignment 
of the meter supporting rods. 

(c) Current-Meter Hoist and Hoist Supports. In order to sim- 
plify lowering and raising the frames, as well as to reduce the 
personnel during the tests, a fully automatic hoist was specially 
designed. The somewhat high initial cost of this was well 
justified, as it was foreseen that it would allow a great reduction 
in testing time required as well as in office work. Furthermore, 
as the ultimate development is intended to comprise 12 units, 
the testing equipment could be regarded as permanent investment 
to take care of all future requirements. 

The hoist consists of a double-drum, worm-geared, electric 
motor-driven unit designed to lower and raise the three current- 
meter frames simultaneously. 

The hoist is capable of raising or lowering the frames at speeds 
of 2, 3, 4, and 6 fpm, Fig. 7.. A mechanically driven eleva- 
tion indicator geared to the pinion driving the drums is provided 
to show the position of the meter frames. This elevation indica- 
tor enables the operator of the hoist to bring the frames to any 
desired position to the nearest one-hundredth of a foot. The 
indicator is also equipped with a contact electrically connected 
to pens of the graphic recorders to indicate every tenth of a foot 
of travel. This arrangement permits the determination of the 
speed at which the meter frames are raised or lowered by com- 
parison with the time impulses recorded simultaneously, and 
provides a permanent record of the true position of the current 
meters at any time during the tests. 

(d) Graphic Recorders and Circuits. The graphic recorders 
must have a sufficient number of pens’to register simultaneous 
impulses from 54 current meters as well as from the elevation 
indicator and a timing device. Motor-driven Esterline-Angus 
production recorders with multipliers and quick-trip attachment 
solved this problem satisfactorily. High chart speed is essential 
to prevent confusion of the current-meter record at high ve- 
locities. 

A typical record is shown in Fig. 8. The sequence of the long 
and short contacts for each cycle of ten revolutions of the pro- 
peller enables the observer to determine the direction of flow. 
The short break in the long contact is useful in interpreting the 
record for very low velocities. As no commercial instrument 
could be found with 56 pens, it was necessary to get two re- 
corders, Fig. 9, one accommodating two charts and the other 
a single chart. Both recorders have 20 pens for each chart, 
which were assigned one to each intake bay. Of the 20 pens 
provided per chart, 18 could be used to register the meter con- 
tacts, while the two end pens were connected to the contact- 
making devices for timing and indicating the elevation of the 
meter frames, Fig. 10. 
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The graphic recorders were installed in a housing placed on a 
standard-gage railroad flat car. This provision was made so that 
any section of the intake deck could be cleared at short notice for 
operating purposes. 

A condenser and resistor bank containing 60 units is used in 
the current-meter circuits te prevent sparking of the contacts. 
Each unit consists of a 0.24yuf condenser and a 10-ohm re- 
sistor. A four-cell, Philco, type P.M.T., 13-plate battery, 
supplies current for the meter circuits at 4 volts. 

To insure proper coordination of the test personnel, a signal 
system of electric bells was installed. 

(e) Timing Device. As it was necessary to provide a source 
of time impulses, serious consideration was given to various 
spring-wound portable timers. It developed, however, that these 
types of apparatus would introduce an uncertainty in time of 
about 0.2 per cent. Considering that this error would impair the 
accuracy of the tests, advantage was taken of a practically abso- 
lute source of time. 

In the control room of the power plant there is installed per- 
manently a Warren pendulum clock for frequency regulation. 
A photoelectric cell and an automobile spotlight focused on this 
cell were placed in such positions that the pendulum cut the beam 
of light at every swing, Fig. 11. This arrangement gave a pre- 
cision far in excess of requirements, as the pendulum can be 
regulated to accumulate an error of less than one second a day. 
The wiring diagram for the timing device is shown in Fig. 10. 

\(f) Pitot Tubes. It is well known that the velocities may vary 
considerably in the vicinity of the boundaries of the measuring 
section. Special provisions were made to determine them by 
pitot tubes, thus avoiding the small error which would result from 
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extending the velocity curves beyond the last meter position. 

A row of four pitot tubes was installed near each end of the 
current-meter frame. The tubes were mounted on short lengths 
of streamline tubing half way between the cross-members of the 
frames asshownin Fig.6. The pitot tubes of one row are spaced 
so that two are between the intake wall and the first current meter, 
while two others are between the first and second current meters. 
The pitot tubes as arranged permit measurements of relative 
values of velocity which may be coordinated with the current- 
meter measurements. Reinforced rubber hose connected the 
tubes with a gage board located in the trash sluice, see Fig. 12. 
This gage board consists of three groups of eight glass tubes each, 
one group for each intake bay. A glass tube on either side of the 
three groups is used for static-head readings. 
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Pitot tubes were also used at one time to explore the velocity 
in the vicinity of the intake bottoms. A streamline rod was 


clamped in a vertical position to the horizontal cross-members 
of the current-meter frames. 


This vertical rod was made of the 
same tubing as the horizontal 
frame members, see Fig. 18. 
Four of the pitot tubes pre- 
viously described were mounted 
on the lower end of the rod. 
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The spacing provided two pitot tubes between the first current- 
meter position and the bottom, and two between the first and sec- 
ond current-meter positions. 

(g) False Work. In most European tests the effectiveness of 
false work to straighten out the flow approaching the plane of 
measurement has been taken for granted. There have been 
cases where temporary installations within the intakes proper 
were thought inadequate, and elaborate structures were made in 
the forebay, such as pier extensions or temporary elongations of 
the intakes. On still another occasion the plane of measurement 
was located upstream in the head-water canal where an approach 
of this type was available, making it necessary to have costly and 
elaborate bridges providing working platforms and supports for 
the apparatus. 

Installations of a temporary nature naturally have their ad- 
vantages and disadvantages. For example, head-water canals 
are often not rectangular in shape, thereby complicating test 
equipment, measuring procedures, and compilation of test data. 
Not only are elaborate temporary installations undesirable be- 
caust of their cost, but also because, with most of these installa- 
tions, the turbine discharges are not measured under operating 
conditions. In the final analysis, discharges are not determined 
exclusively for the sake of the problems concerning the turbines, 
but on the contrary, even more for the performance of the entire 
installation, that is, individual units as a whole under operating 
conditions. 
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Keeping in mind the characteristics of the current meters 
selected for Safe Harbor and the physical outlines of the intakes, 
it was thought possible to omit temporary installations of any 
kind, for it was believed that an evaluation of the obliquity of 
flow could be made. 

It was thought desirable, however, to install for the first test 
a false roof in the intake of one of the units shown in Fig. 12. 
The advantage to be derived from such a plan was the possibility of 
tying in the two-type current-meter method with the conventional 
one-type method. 

The false roof installed under the bell-mouth of each intake bay 
of one unit was made of wood. This roof was placed in a level 
position as it was believed that by so doing the flow would be 
straightened out more satisfactorily. The temporary structure 
was drawn tight against the concrete by means of steel cables 
extending down the emergency-gate slots and the trash-rack 
openings. It was also fastened to wooden fillers placed within 
the emergency-gate slots to prevent undesirable disturbances 
from being carried downstream to the plane of measurement. 
To improve further the flow conditions, a temporary wooden bell 
mouth covered with sheet metal was attached to the trash racks. 
This in turn had an extension reaching upstream to be flush with 
the intake piers, since hydraulic model tests in connection with 
the spillway design for Safe Harbor had shown that the most 
favorable conditions of discharge could be obtained by keeping 
the piers and the spillway nose flush with each other. 
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CALIBRATION OF CuRRENT METERS AND SPECIAL INVESTIGATIONS 


(a) Calibration at the Bureau of Standards. As a first step it 
was necessary to determine the usual still-water calibration at 
various constant speeds. A minimum of 18 runs for each rating 
was made to cover adequately the velocity range from 0.5 to 7.5 
fps. 

Instead of rating tables, or the usual calibration curves, giving 
revolutions per second vs. velocity in feet per second as in Fig. 
14, curves were plotted to give pitch in feet per revolution 
vs. revolutions per second as in Fig. 15. The advantage 
of such a curve is that it may be read with greater precision. 
By this means the effect of personal equation in reading the curve 
is practically eliminated. 

A number of the meters used at Safe Harbor were calibrated 
by the manufacturer before shipment and recalibrated on ar- 
rival at the Bureau of Standards. These ratings agreed within 
0.1 per cent throughout the useful velocity range. 

Following the tests in the field, a substantial number of the 
meters of each type were recalibrated as required, whereas the 
propellers of all the meters were carefully checked against the 
plaster molds. 

These meters use oil-lubricated ball bearings, but the prime 
function of the oil is to keep water out of the bearings, rather 
than to lubricate. Nevertheless, there is some effect of viscosity. 
A record was kept of the water temperature in the rating tank, 
and ratings were made in the winter as well as the summer to 
secure temperature variations from about 5 C to 26 C. In addi- 
tion to repeated ratings with one meter at various water tem- 
peratures, calibrations were made with various blends of oil 
other than the light ice-machine oil supplied by the manufacturer. 
These blends consisted of sperm oil and kerosene. 

The result of this investigation indicated that the viscosity of 
the oil does affect the meter and that this effect in turn depends 
upon the rate of rotation. It was interesting to see that within 
the limit of the experiments, and any one rate of rotation, the 
effect varies in a straight-line relationship with the oil viscosity, 
Fig. 16. 

The oil mixture consisting of 10 per cent sperm oil and 90 per 
cent kerosene proved very satisfactory and no appreciable effect 
of temperature will be felt in practice. 

To determine the effect of oblique flow, four type-1 and six 
type-2 meters were inclined in a vertical plane by steps of 5 deg 
up to and including 30 deg. As the average characteristic of all 
meters of each type was the ultimate object, these meters were 
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Fia. 17 AveraGr OBLIQUE-FLOW CHARACTERISTICS OF TypE-1 AND 
Typr-2 Mrrers 


selected from the previous tests in order to have long, short, 
and medium pitches; although there was no great difference 
between the extremes. 

The effect of velocity upon the oblique-flow characteristics 
was investigated subsequently. One current meter of type 1 
was rated for angles of 10, 20, and 30 deg, while 10, 15, 20, 25, 
and 30 deg were used for type 2. For these tests, medium- 
pitched meters were chosen. It was found that for a given 
obliquity, the amount of under-registration of type 1 was in- 
dependent of the velocity; whereas for type 2, the under- 
registration increases for the higher velocities, Fig. 17. 

Having determined the average characteristic in the plane in 
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which oblique flow under test conditions could be expected to 
predominate, one meter of each type was turned in a horizontal 
plane to show that the angularity of flow had the same effect 
regardless of the plane of approach. 

(b) Principle of Discharge Correction Based on Two-Type Meter 
Method. By replotting Fig. 17, using as ordinates the cosines 
instead of angles, it was discovered that for curves of average 
per cent registration for the two types of meter, straight lines 
were obtained as shown in Fig. 18. It may be emphasized that 
this characteristic is of fundamental importance, as it indicates 
that the meters, in average, are integrating correctly all cosine com- 
ponents regardless of variation in obliquity and that both meter 
types furnish a registration corresponding to an identical mean 


8 


_*8 


YINFT/SEC 


| 


£ 


COSINE OF THE ANGLE OF OBLIQUITY 


100 9S 85 : : 70 65 6 35 
Fic. 18 AVERAGE REGISTRATION OF TYPE 1 AND Typx 2 Vs. CosINE 


cosine of obliquity. If the characteristics as shown in Fig. 18 
were curves instead of straight lines, and even if the under- 
registration of type 2 were a constant times the under-registration 
of type 1, different mean ordinates would be obtained for each 
meter type which would make it impossible to bring the two- 
type meter method to a correct analytical basis. 

The straight-line average characteristics for oblique flow, 
shown in Fig. 18, led to the correction curves shown in Fig. 19 
which obviously must be straight lines. Considering their deriva- 
tion, these correction curves may be used to combine the total 
discharges measured by means of the two types of meters instead 
of limiting their application to the individual velocity components 
obtained by both meters at the same metering station. This 
conclusion is most important, as a correction of individual 
velocity components determined at each station with both types 
of meters is almost a practical impossibility, because an enormous 
amount of computation would be involved in pairing individual 
observations to apply a correction to the individual type-l 
measurements. 

In addition it must be considered that variations in flow exist 
which make it impossible to obtain identical components with 
the same meter and at the same station for two consecutive 
measurements under identical physical discharge conditions. 
Experience has shown that individual velocity components ob- 
tained with one type of meter may vary more than 20 per cent 
for identical locations and equal discharges, but that the differ- 
ence ik total discharges obtained from many individual measure- 
ments is less than 0.1 per cent. From this it appears that al- 
though individual corrections could be attempted, they would 
be erroneous if applied to obtain the obliquity at one particular 
location. 

It must be emphasized that the wholesale correction based 
on mean velocities or discharges determined with each meter 
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type, made the two-type meter method possible, both from a 
practical and theoretical point of view. 

(c) Current-Meter Measurements at Holtwood. It was con- 
sidered advisable to make some actual water measurements in a 
laboratory by means of the two-type meter method previous to 
measurements in the field. It was specified that the laboratory 
selected for these preliminary tests should have water-gaging 
facilities calibrated by the Gibson or Allen method. The Holt- 
wood hydraulic laboratory of the Pennsylvania Water & Power 
Company furnished a satisfactory set-up, as the venturi meter 
here installed to measure the discharge had been calibrated by 
means of the Allen salt-velocity method under excellent physical 
conditions. The measuring section for the current meters was 
located in the open steel flume on the downstream side of the 
laboratory. 

Two series of tests were made, one with the approaching 
water straightened, as much as possible, upstream from the 
plane of measurement by means of stilling racks, and a second 
group, without the racks, under comparatively rough-flow con- 
ditions showing visible signs of turbulence and obliquity. From 


x» 


x 


8 
2 
sil 


6 


DIFFERENCE TYPE | - TYPE 2,IN PERCENT OF TYPE! 
a 


= 
YE 


wwe) | | 


' 2 3 4 5 7 
CORRECTION ON TYPE | MEASUREMENT= DIFFERENCE, COSINE-TYPE LIN PERCENT OF TYPE | 


Fic. 19 Correction Curves, Usinc Typre-1 anp Typn-2 MrrTers 


Table 1 it may be seen that the two-meter method, as developed, 
gave satisfactory results. 

(d) Analysis of Tests Made at the Obernach Research Station. 
An analysis in detail was made of the tests conducted in 1930 
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at the Obernach research station in Germany by the Research 
Institute for Hydraulic Engineering and Water Power, Munich. 
This investigation, based on original data, furnished, in addition 
to an independent check on conclusions resulting from the Holt- 
wood tests, a comparison of the two-type meter method against 
volumetric measured discharge.‘ 


4 J. M. Mousson’s discussion of ‘‘Research Institute for Hydraulic 
Engineering and Water Power,” by Hunter Rouse, Trans. A.S.M.E., 
1933, vol. 55, no. 10, paper HY D-55-3. 


HYDRAULICS 


INCORPORATION OF INDEx MeErHop InN TESTING PROGRAM 


It was recognized at the outset that it would be desirable to 
reduce the number of test runs to a minimum without impairing 
the accuracy of the measurements and without curtailing im- 
portant and necessary observation regarding the characteristics 
of the turbines. In the case of Kaplan units this requires more 
information than for any other runner type, since the proper cam 
which establishes the correct relation between wicket gate and 
runner-vane positions cannot be based on model tests. It is 
necessary, therefore, to run through a series of tests to obtain 
the characteristics of the runner for numerous fixed-blade angles 
and variable gate. 

In addition, it was realized that the index method would in- 
crease the effectiveness of the current meters. Index methods 
consist simply of the determination of the relative amount of 
water discharged by a turbine by observing the pressure differ- 
ences between two or more points in the turbine setting. Seven 
piezometer openings were provided in the wheel case of each 
Safe Harbor main unit. There are two piezometers of the Peck 
type built in a stay vane of the speed ring, three for a Winter- 
Kennedy system in the walls of the scroll case, and two located 
in one of the piers of the intake. A Winter-Kennedy system of 
three piezometers is installed in each of the service units. 

In certain tests made abroad, previously referred to, the entire 
characteristics of the unit were determined by means of 24 cur- 
rent-meter measurements. Each blade position was tested 
separately as though the unit were a fixed-bladed propeller 
runner. Inasmuch as there were but five points determined on 
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each individual blade-angle curve, there was opportunity for 
considerable latitude and judgment in drawing the final curve 
which would represent the performance if the blade and gates 
were held always in the theoretically correct relation to each 
other. A further disadvantage is that this shows simply the 
performance when conditions are right, and not the performance 
of the unit when actually operating with the blades and gates 
held in relation to each other by the cam. 

To determine the shape of the cam for a wide range of heads, 
as will occur at Safe Harbor, requires an extensive testing pro- 
gram which would have been exceedingly expensive and laborious 
with the current meters alone; hence the index method proved a 
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helpful means of determining the correct relation prior to the 
current-meter tests. The incorporation of the index method 
confined the use of current meters to testing on the cam, except 
for a few runs to check the shape of two of the multitude of curves 
obtained by the index method. 


TrsTING PRocEDURES AND CoMPUTATION 


(a) Point Method. The current-meter apparatus was first 
installed in the gate slots of the one unit which was provided 
with the false roof. To obtain the most suitable flow conditions 
for test, the adjacent units were operated so as to carry about the 
same load. During all current-meter tests, piezometer readings 
were taken. 

Both types of current meters were mounted 6 ft apart on the 
meter-support frames, the type-1 meters at the bottom and the 
type 2 at the top of the vertical rods. The metering stations are 
shown in Fig. 20. The type-1 meters covered the entire intake 
area, whereas the type-2 meters could only be brought to the 
positions D to L, inclusive. It was believed that the accuracy of 
the type-2 measurements would not be impaired materially by 
the fact that the latter could not be placed at the three lowest 
positions, A, B, and C, as it was assumed that the obliquity in 
the vicinity of the intake bottoms would be small. The data 
obtained by the type-1 current meters for the positions A, B, 
and C were combined with the type-2 measurements above these 
three horizontals to obtain the type-2 discharges. The meters 
were kept at each location 80 sec. The average duration of one 
complete test run was approximately 30 min. 

The individual velocities were obtained from the graphic-re- 
corder charts after first determining the chart speed by means 
of the second impulses, Fig. 21. The meter revolutions were 
counted and measured to the even ten, as the meter-contact 
wheels make one revolution for every ten revolutions of the cur- 
rent-meter propeller. The revolutions per second were then multi- 
plied by the corresponding pitch, in feet per revolution, obtained 
from the individual meter-calibration curves, Fig. 15. 

(b) Vertical-Integration Method. It is obvious that the con- 
ventional point method is exceedingly laborious, since for one 
complete run 324 type-1 and 243 type-2 velocities must be de- 
termined and 60 diagrams must be plotted and planimetered. 


312 TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


The enormous amount of time required for testing and computa- 
tion warranted a detailed study to simplify these procedures. 

It was suggested that tests be made by moving the frame at a 
constant speed over the total height of the intake and thereby 
causing the current meters to integrate all velocities encountered 
over the total length of the traverse. It was realized that, if 
this method should prove successful, that is to say, if results 
were obtained identical with the point method, enormous savings 
could be effected both in time required for actual testing and in 
computing the results. 

It was anticipated that, in letting the meters integrate all ve- 
locity measurements in one vertical traverse, mean velocities 
would be obtained corresponding to the same mean velocities 
as determined for the point method by means of the vertical 
velocity diagrams, and thereby eliminate the determination of 
individual velocity measurements and render unnecessary the 
plotting and planimetering of vertical velocity diagrams. 

In moving the frames an angularity is introduced which varies 
according to the lifting speed and the velocity of the water. 
For relatively high lifting speeds and one type of current meter, 
discharges would be obtained which are too small, although the 
influence is less than may be expected. In case this additional 
obliquity should have an appreciable effect in spite of relatively 
low lifting speed, it was expected that the two-type current- 
meter method would successfully solve the problem, as obliquities 
whether natural or artificial are evaluated. 

On the other hand, the current meters themselves showed 
characteristics favorable to an integration method. Plotting 
velocity in feet per second ys. revolutions per second for both 
types of meters in question, curves are obtained which are 
practically straight lines, as in Fig. 14. In spite of the increas- 
ing friction and slip at low velocities, the average of a number of 
ordinates taken at random from these curves falls so close to the 
lines themselves that an error is introduced which is, from a 
practical point of view, entirely negligible. 

To prove the workability of the vertical-integration method it 
was thought advisable to make a subsequent series of test runs 
on the same unit with the false roof in place, and then analyze 
these data independently of those obtained by the point method. 
The lifting speeds used were 4and 6fpm. This procedure cut the 
original time of 30 min, necessary for one run by the point method, 
down to about 8 or even 5 min, respectively. In the course 
of one test run the meter frames were either lowered or raised. 
When raised, the frames disappeared completely into the gate 
slots above the flow passage and likewise started out from within 
the slots when the frames were lowered. 

Various ways of compiling the data were studied. The revolu- 
tions of the type-1 current meters were counted between the 
bottom and top of the intake bays, the limits being established 
by the record of the elevation indicator shown in Fig. 21. Because 
of the length of the record, it was considered satisfactory to esti- 
mate, at the ends of the charts, the number of revolutions to the 
even unit by extrapolation beyond the last contact indicating 
an even ten revolutions. Similarly the time was estimated to 
one-tenth of a second. 

Since the meters could be lowered no further than 6 in. above 
the bottom of the intake, it was necessary to determine the ve- 
locities in this area by some other means. The meters were held 
at this lowest elevation for about 6 sec, that is to say, at least the 
number of seconds which would have been required to traverse 
these 6 in. The additional number of revolutions was then multi- 
plied by a factor determined by the pitot-tube measurements. 
This number of revolutions was then added to the number 
counted as previously described. 

The type-2 current-meter registrations were counted between 
elevation 170.5 and the top of the intake bay as lower and upper 


limits, respectively. In order to tie in the type-1 and type-2 
measurements near the bottom, it was necessary to determine 
the number of revolutions of the type-1 meter between the bottom 
and elevation 170.5. The type-2 discharge was obtained by add- 
ing the discharges indicated in the areas above and below eleva- 
tion 170.5 by the type 2 and type 1, respectively, Fig. 20. 

A comparison between the results obtained by the two methods, 
that is, by point and vertical integration, showed them to be abso- 
lutely identical. 

(c) Separate Measurements With Type-1 and Type-2 Meters. 
The enormous savings over the point method justified the ex- 
tension of the testing program to other units. First, one of the 
main units without a false roof in the intake was investigated. 
The plane of measurements was moved upstream into the emer- 
gency-gate slots to save all expenditures which would have been 
necessary to remove the intake gates and screw-stem gate hoist, 
and to provide fillers for the emergency-gate slots in the piers 
and ceiling over the emergency-gate slot openings to obtain 
suitable flow conditions further downstream. It was thought that 
in taking a chance and placing the plane of measurements in the 
emergency-gate slot, the full benefit of the two-type current-meter 
method would be investigated under conditions where the ex- 
pected obliquity was considerable. 

Still further savings in computation were possible by making 
these tests with each type of current meter alone, mounted near 
the bottom of the vertical support rods shown in Fig. 7. The 
separate application of the two types of meters made it necessary 
to plot the discharges obtained against a common standard such 
as piezometer deflection, power output, or gate opening before a 
discharge correction could be applied. It may be emphasized 
that this method is advisable in any case, whether or not the 
two meters are used simultaneously, as the spreading of the test 
points may thereby be eliminated before the correction is made. 

The advantage over the first method of using both types of 
meters simultaneously was that the evaluation of discharge 
indicated by the type-1 meters between the bottom and elevation 
170.5 was no longer necessary as the total height of the plane of 
measurements could be explored with the type-2 meter. The de- 
termination and planimetering of three discharge diagrams, that is, 
one for each intake bay per test run, could thereby be eliminated. 
The respective savings may be seen from Table 2. 

The rapid progress made in computing the test data for this 
second main unit made feasible an investigation of the discharge 
characteristics of one of the two service units. Besides the im- 
portant economies of time achieved by the adoption of the verti- 
cal-integration method, engineering and labor expense for the 
actual water gagings were kept at a minimum by the use of full- 
automatic equipment. Table 3 shows the number of men em- 
ployed for the measurements. The benefit derived from the 
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TABLE 3 
Safe Harbor Ryburg- 
Types 1 and 2 current meters Schwoerstadt 
Equipment and Personnel Separate Simultaneous 
Equipment in use at one time: 
Current meters.........----- 27 54 30 
Graphic recorders.......-..- 1 2 3 
IPIOEOMIELOIS ake coe a ese 4 4 ms 
Personnel: 
Graphic recorders.........-- a 2 3 
Index method.........-...-- 1 1 of 
EL CHBLING, to Shee oe ts Sia ka eR 1 1 6 
able CUBTOS. vacate ee os eae 1 2 3 
Personnel total... 6.6.0 500 as 4 6 12 


type of equipment and testing procedures may readily be seen in 
comparing the number of men used at Safe Harbor with the 
number of men at Ryburg-Schwoerstadt. In spite of the more 
elaborate equipment, considerable economies were accomplished 
at Safe Harbor. 


RESULTS AND CoNncLUSIONS OF INITIAL TESTS 


(a) Unit With False Roof. The results of the tests made by 
means of the point and vertical-integration method with both 
meter types simultaneously and carried out at the unit provided 
with a false roof are shown in Fig. 22. The discharges indicated 
by each type of meter were plotted against the piezometer de- 
flections simultaneously obtained, using a double logarithmic 
scale. It is to be observed that the two curves are very distinct 
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and are parallel to each other, indicating that there is a constant 
percentage by which the type-1 and type-2 discharges differ 
from each other. By means of a correction curve similar to that 
shown in Fig. 19, the correction to be applied to the type 1 was 
found to be 1.06 per cent, which corresponds to an effective 
obliquity of 10.5 deg. 

Values of such magnitude seem surprising in view of the care 
that had been taken to straighten out the flow approaching the 
metering section. It should be recalled, however, that even under 
the conditions which were made as nearly ideal as possible in the 
experiments conducted by the Research Institute at Obernach, 
the behavior of the meters indicated an effective angularity of 9 
deg. 

It must be emphasized that for this particular unit the obliquity 
observed is to a considerable extent an effective angularity of 
individual water particles and flow filaments, the latter accentu- 
ated by the screens rather than a general obliquity of flow. 
The latter may be exemplified by the position of a thin streamer 
and the former by the fluttering of the tail end. A similar phe- 
nomenon has been observed by Prof. C. M. Allen who demon- 
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strated that salt injections in straight pipe lines spread very 
rapidly, even when flow is straightened out as much as possible.® 

Since the angularity observed in these tests did not greatly 
exceed that which was found for the practically ideal conditions 
at Obernach, it appears that the flow lines had been straightened 
out very well by the use of the roof. In spite of this precaution, 
there remains an influence which may cause a single-type meter * 
to under-register by more than 1 per cent. It is essential, there- 
fore, in order to get correct results to make use of the two types 
of meter and not to depend entirely upon any means of straight- 
ening out the flow. 

Since a wide range of velocities must be integrated by a meter 
traversing the intake, or even in a fixed position, an investiga- 
tion was made at the Bureau of Standards to see if the accuracy 
was impaired by this phenomenon. Tests were made by varying 
the speed of the car carrying the meter through the tank. Most 
of the runs were made with two and four complete cycles of speed 
variation. For these tests the meters showed a slight tendency 
to under-register; the reason for this will be apparent when we 
consider that the speed of rotation is not strictly proportional 
to the velocity of the meter through the water. For velocities 
normally encountered in testing, and even for a considerable 
range between the high and the low portions of the cycles, the 
average effect can be shown to be very slight, but nevertheless 
always in the direction to under-register the flow. 

Another series of runs was made for a half cycle of speed varia- 
tion by gradually decelerating or accelerating the car during the 
whole length of the run. The inertia of the moving parts caused 
the meter to read slow when speeding up and fast when slowing 
down. Similar tests were conducted with the meter in an in- 
clined position and the same results were obtained. 

This work led to many other investigations and considerable 
interest has centered about the question of the ability of the 
meters to perform correctly under the conditions of test. For 
instance, it was thought that there might be some disturbing effect 
from the horizontal girders of the racks, Fig. 12. 

It is contended by some that the conditions under which a 
meter operates in practice are by no means comparable with the 
rating in still water. Others hold the opinion that the meter re- 
ceives myriads of impulses, each one of which is similar to move- 
ment through still water at some angle. Consequently, because 
it has not been found possible to make a meter rate fast in still 
water, regardless of the angle at which it is turned to the direc- 
tion of travel, with the possible exception of that small range of 
angularity where type 2 shows a slight tendency to over-register 
at low velocity, it is argued that these meters would always indi- 
cate less than the true flow. 

Of course it must be recognized that an eddy having its axis 
roughly parallel with that of the meter might cause gross over- 
registration, but the effect of this same eddy on a meter having 
the opposite direction of rotation would have an equally opposite 
effect. It was for this reason that left-hand and right-hand meters 
were used in alternate positions. 

These tests at the Bureau of Standards have taken other 
interesting forms, consisting of deliberately disturbing the water 
ahead of the meter by rakes and planks. Care must be exercised 
not to set up a motion of the water either with or against the 
meter, or to set up an actual swirl either in the direction the 
meter is turning or in the opposite direction. It cannot be said 
that these particular tests were conducted under ideal condi- 
tions, but they have served to demonstrate the ability of a meter 
to plow through highly turbulent water without any appreciable 
effect upon the accuracy of registration. 


5 N.E.L.A. Engineering National Section, Minutes of Hydraulic 
Power Committee Meeting, Edgewater Beach Hotel, Chicago, Octo- 
ber, 1932. ? 
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It is believed that, considering the great care taken in the 
observations, and the consistency of the test points when plotted 
as shown in Fig. 21, as well as the subsequent investigations 
regarding the behavior of the meters under various conditions 
in the rating tank, the interpretation of the results in determin- 
ing the correction to be applied to type-1 meter appears to be 
entirely justified. 

(b) Unit Without False Roof. The determination of the 
effective obliquity and the discharge correction from the data ob- 
tained by means of the vertical-integration method and separate 
application of type 1 and type 2 for the unit without the false 
roof was more difficult. If the difference in discharges registered 
by the two types of meters were used, a correction of 3.8 per cent 
should have been applied to the type-1 discharge measurements. 
It did not appear reasonable that the correction for the unit with- 
out the false roof would be so much larger than the correction for 
the unit with the roof, even though the plane of measurement 
had been moved upstream into the emergency-gate slots. 

A careful restudy of the chart records obtained by the vertical- 
integration method disclosed the fact that some type-2 meters 
had stopped rotating in all three intake bays in the vicinity of 
the ceiling. It was thought possible that the convergence of the 
streamlines might have exceeded the angle at which the meter 
stalls. 

To determine this angle accurately, further tests were made 
at the Bureau of Standards. By extending the range of obliquity 
above 30 deg it was found that the type-2 meter stalled for an 
angularity greater than about 34 deg regardless of the velocity. 
This is, of course, a fault which it is desirable to eliminate. 

Since the departure from the cosine and consequently the 
tendency to stall increases with the pitch, it is possible to remedy 
this condition by constructing a meter with a shorter pitch, 
Fig. 18. At the time of purchase it was thought that the 
angularity would not exceed the range of satisfactory performance 
of this type-2 propeller. For the sake of accentuating the differ- 
ence and securing greater accuracy in making the correction, a 
meter was obtained which would differ as much as possible from 
the type 1. 

(c) Service Unit. Great difficulties were also encountered at 
this unit which prevented the obtaining of a true discharge by 
combining type-1 and type-2 measurements. Aside from ex- 
ceedingly low velocity, excessive angularity in a horizontal direc- 
tion was encountered. This additional obliquity was caused by 
the fact that no main units were installed at that time on the 
river side of this service unit. Since the water for all the units 
has to approach the intakes from the river side, it is obvious 
that the water for the house units must flow almost parallel 
to the longitudinal axis of the power house. 

In spite of all these unfavorable circumstances, the type-1 
measurements appeared to be satisfactory as the performance 
range was not exceeded either by angularity or by low velocity. 
The type-2 meters, however, stopped almost over the whole 
vertical half of the intake toward the river side. Where the 
stoppage occurred for the type 2, the type 1 indicated very low 
velocity. To come to any conclusions regarding the magnitude 
of correction was impossible, and it was realized that the per- 
formance range of the type-2 meter had also been exceeded at 
this unit. 


‘ SUBSEQUENT TESTS 


The results of the tests which were carried out during 1932, 
as previously described, showed clearly the limitations of the 
equipment. 

To remedy this condition a variety of current-meter propellers 
of old and new design were investigated at the Ott laboratory. 
The object was to find a suitable propeller to be used in con- 


junction with the type 1 and which would operate satisfactorily 
even under extreme oblique-flow conditions. Most desirable was 
a spoked-vane propeller design, since it had been indicated by the 
oblique-flow calibration of the type 1 that variations in velocity 
would not change the oblique-flow characteristic. This in- 
vestigation, however, was not confined to spoke-vane propellers 
having various pitches and vane shapes, but it included conical- 
screw propellers of the two-vane and three-vane type. The 
upper and lower limits in pitch were 70 and 15 em, respectively. 
Based on the results, it appeared that the most favorable solution 
would be to replace the type-2 meters of conical shape and 50-cm 
pitch with a spoked-vane propeller of 15-cm pitch, which will be 
called type 3 hereafter. Its oblique-flow characteristic lay be- 
tween the type 1 and the cosine line, Fig. 17, and in view of 
this it was expected that the type-3 meter would indicate more 
water, that is to say, would under-register less than the type 1. 
The stalling angle of the type 3 was found to be above 70 deg. 
It was apparent that the relation between the cosine of the angle 
of obliquity and the amount of registration was a straight line and 
consistent from 0 deg to well above 60 deg. The high degree of 
relative precision obtained during the previous discharge measure- 
ments, to be discussed later, indicated that even in case the 
oblique-flow characteristic would not differ a substantial amount, 
reliable results could be expected by the two-type meter method 
employing type-1 and type-3 meters. 
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Discharge measurements were made first at the unit previously 
tested without false work, employing the type-1 and type-2 
meters separately, and using throughout the vertical-integration 
method. The computation of the discharges was simplified con- 
siderably by substituting an analytical method for the tedious 
process of planimetering the discharge diagrams. The weight 
given each current meter was half the distance between the two 
adjacent ones on either side. For the first and second meters 
from the wall, the proper weights were obtained from the pitot- 
tube investigation in proximity of the walls. 

The correction to be applied on the type-3 measurements was 
found to be 1.23 per cent, indicating an effective obliquity of 14 
deg (see Fig. 23) which corresponds to a correction of 2.09 per 
cent on the type-1 meter. 

Additional tests of the same unit were made but without the 
trash racks in place. The results indicated that the effective 
obliquity was slightly less when compared with the one previ- 
ously obtained. The discharges, however, as indicated by the 
two-type meter method were identical for both series of tests. 

The service unit was also retested employing a like procedure. 
The results indicated a discharge correction of 1.60 per cent on the 
type 3, corresponding to an effective obliquity of 16.5 deg. 
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ConsISTENCY AND RELATIVE PRECISION oF WATER GAGING 


_ The simultaneous application of two methods of water measure- 
‘ment, such as current-meter and index methods, permits an 
analytical determination of the consistency of the test results. 
A measure of the consistency is the average departure of the 
ratio of the discharge to the square root of piezometer deflection 
from the mean value of this ratio, given in Table 4. Where index- 
method facilities are not available, the consistency of the water 
_ gagings comprising the whole discharge range cannot be deter- 
mined, but it will be confined to one particular discharge arrived 
at by repeated tests under identical conditions. 

It is customary abroad to evaluate whenever possible the 
probable error of the measurements by means of the method of 
least squares. It must be emphasized, however, that the term 
“probable error” is misleading since the measurements usually 
are not compared with an absolute standard such as volumetric 
, measurements. It is obvious that any method except the latter 
has inherent errors and, as long as the probable error of the test 
results is determined independent of an absolute standard, de- 
partures are obtained which are relative and not absolute. 


TABLE 4 DETERMINATION OF CONSISTENCY AND RELATIVE 
PRECISION OF TYPE-1 CURRENT METERS AND INDEX TESTS, 
UNIT WITH FALSE ROOF 


Square 
Q for root 
type-l fe) Departures 
meter standard ————_. 
Test cfs. uncor. deflection, Per 
run for head VD Q/VD 6 cent 62 
1 4752 1.677 2834 —16 0.56 256 
2 3687 1.295 2847 — 3 0.11 
3 6571 2.311 2843 — 7 0.25 21 
4 8729 3.042 2869 +19 0.67 362 
5 8401 2.954 2844 — 6 0.21 36 
6 7875 2.767 2846 —4 0.14 16 
ti 7426 2.607 2848 — 2 0.07 4 
8 6651 2.328 2857 + 7 0.25 49 
9 5987 2.105 2844 — 6 0.21 36 
10 5994 2.112 2838 —12 0.42 144 
1l 5887 2.062 2854 + 4 0.14 16 
12 5289 1.851 2857 + 7 0.25 49 
13 4726 1.655 2855 + 5 0.18 25 
14 4174 1.465 2849 — 1 0.04 1 
15 3632 1.272 2855 + 5 0.18 25 
16 3115 1.089 2860 +10 0.35 100 
17 2657 0.933 2848 — 2 0.07 4 
Avg Avg zs? 
= 2850 = 0.24 = 1153 
Consistency or average departure of one measurement = + 0.24% 
Mean departure of one measurement = + |v [262/(m — 1)] = = 


¥(1153/16) = +85 = +0.30% 
Mean departure of all measurements = 


+ V¥[552/n(m — 1)] = + V¥[1153/(17 X 16)] = = 
Relative precision of all measurements = 0.674 X 0.0 


Table 4 shows the determination of the relative precision of the 
type-1 measurements made by the vertical-integration method 
on the unit with the false roof. The high degree of relative pre- 
cision may be attributed to various reasons, such as the elimina- 
tion of the personal equation in obtaining the data in the field 
and the new type of rating curve. In addition, it is believed 
that the second impulses obtained from the Warren master clock 
helped to eliminate one source of error which often consistently 
impairs the accuracy of testing procedures. 

It is noteworthy that identical relative precisions were ob- 
tained for the point and the vertical-integration method on the 
unit with the false roof. Since the same number of measurements 
and identical piezometers were used for the derivation of the 
relative precision and in addition the same average ratios of dis- 
charge to square root of deflection were found, the two methods 
must be of like accuracy. 


CriricaL REVIEW 


Experience gained at Safe Harbor shows that back flow is 
likely to occur as soon as the minimum section or the section of 
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parallel boundaries has been reached. Even in slightly converg- 
ing passages, such as used at Ryburg-Schwoerstadt, reversals 
have been observed. It would be far better, from this point of 
view, to make current-meter measurements at low-head power 
plants without the false roof where the flow is converging to a 
high degree as in the Safe Harbor units. 

In the light of the test results obtained at the unit with the 
false roof in the intake, it is believed that even where a parallel 
approach is provided to the gaging section, two types of meter 
must be used to allow for the effective obliquity. 

It should not be concluded that the necessity of two meter types 
would make this method uneconomical. It has been found at 
Safe Harbor that by means of the integration procedures, far- 
reaching savings may be made over the point method. For in- 
stance, the discharge for two runs by means of the integration 
method with both meters used separately could be computed by 
one man in a day, whereas at least four days were consumed for 
only one type of current meter for the point method. 

It is not necessary to confine the integration method to pro- 
cedures with vertical traverses. Where the depth of water pas- 
sages is small in comparison to the width, horizontal traverses 
may be of advantage. In case current meters should be used in 
penstocks, in spite of the advantages of the methods sponsored 
by Gibson and Allen, the current meters may be mounted on a 
supporting rod pivoted in the penstock center. By means of a 
suitable gear mechanism, the rod may revolve so that the cur- 
rent meters describe a circular path. A position indicator, 
geared to the driving mechanism of the rod, permits the de- 
termination of the rod position from the chart records of the 
graphic recorders. 

It has been shown that the measurements with both types of 
current meter may be made separately to good advantage. 
Should the two-type meter method be contemplated elsewhere, 
it would be necessary to provide only one set of bodies including 
axles for the two sets of propellers. Following this suggestion, a 
considerable saving may be made in the cost of graphic recorders 
and other equipment. 

With reference to the current meters themselves it would be of 
advantage to select two meter types having a ratio of under- 
registration somewhat more suitable than the ratio of type 1 
and type 3. Here the correction to be applied on the type-3 
measurements is one and one-half times the difference between 
the indications of type 1 and type 3. It is believed that two 
spoke-vane propeller types having 15-cm and 30-cm pitch, re- 
spectively, would be more desirable since the correction on the 
shorter-pitch meter would be about equal to the difference be- 
tween the discharges indicated by the two types of current 
meter. 

The index method of testing has been extremely valuable, es- 
pecially in the determination of the proper cam shape, as well 
as in conjunction with the current-meter measurements to show 
the consistency of the test results. It may be emphasized, how- 
ever, that at Safe Harbor, the power company determined the 
proper shape of the cam, in spite of the fact that the cam is an 
integral part of the turbine. As the purchaser is naturally in- 
terested in obtaining the best possible cam shape, he may re- 
lieve the turbine manufacturer of this phase of the turbine 
design. 

This should not become the customary procedure and by no 
means should it be necessary for the sake of economy to sacrifice 
testing on the cam for the tests to determine the cam shape. It 
is believed that final acceptance tests of Kaplan units should 
always be made on the cam which will be used under normal 
operating conditions. 

Based on the experience gained in connection with the Safe 
Harbor tests, it appears that the effective angularity is much 
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greater than was previously expected and that measurements 
may be made to good advantage at locations of converging flow. 
It would be bad policy, therefore, to set a definite limitation re- 
garding the obliquity and say that the measurements are un- 
reliable when the angularity is more than a certain amount. 
The limitation of angularity should not be specified, but at- 
tention should be called to the fact that the angularity should 
not exceed the performance range of either of the two meters 
used. 

At the present stage of development in the art of water mea- 
surement, it is believed that economies which may be achieved 
through improved testing procedures and through the omission 
of temporary installations, as well as the possibility of gaging 
the discharge under operating conditions, make the current-meter 
method more attractive and economically more feasible. It is 
hoped that the record of the Safe Harbor tests, as outlined in this 
paper, will contribute to a better understanding of the problems 
involved in water gagings by means of current meters. Since in 
recent hydroelectric construction in the low-head field there is a 
marked tendency toward further shortening of the length of 
water passages, which may render other methods of measure- 
ments more difficult, a careful study of current-meter methods is, 
at this time, very desirable. 
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Draft-Gear Action in Long Trains 


By O. R. WIKANDER,! PITTSBURGH, PA. 


This paper is a study of the coupler pressures, car speeds 
and accelerations in a long train, produced by external 
forces acting on same. 

It is based on the similarity in behavior of such a train 
and of an elastic bar of the same length as the train, the 
same mass per unit length and the same yield, when sub- 
jected to longitudinal compressive or tensile forces. 

Following the method explained in the paper, the pres- 
sure and speed diagrams are derived for the various periods 
through which the waves are passing, the beginning and 
ending of each period being marked by certain events. 
Formulas are derived for the maximum bar pressures and 
tensions, for the locations at which they occur, and for 
the maximum accelerations or retardations of the par- 
ticles. 

It is shown how these formulas may be applied to freight 
trains of known characteristics, and the general require- 
ments are derived which should be met by a freight-car 
draft gear under given service conditions. 

Well-known elementary calculations, based on the 
official ARA Draft Gear Tests and supplemented by the 
formulas given in the paper, permit the design of draft 
gears suitable for the given service conditions. 


INTRODUCTION 


‘ ‘ YHEN a long train is subjected to external forces, 

accelerating or retarding, the work performed or con- 

sumed by these forces is partly used to accelerate or 

retard the moving masses, partly to overcome train resistance, 

partly to compress the draft gears which connect adjacent cars, 

and to some extent to stretch or compress the car bodies them- 
selves. 

The action of the external forces produces different coupler 
pressures or tensions, car speeds, accelerations, and retardations in 
different parts of the train, depending on the nature of the forces, 
as well as on the elastic and mass properties of the train. 


1 Mechanical Engineer, Ring Spring Department, Edgewater Steel 
Company, Pittsburgh, Pa. Mem. A.S.M.E. Mr. Wikander re- 
ceived the degree of mechanical engineer in 1895 from the Technical 
Academy, Chemitz, Saxony, and the degree of electrical engineer in 
1899 from the Technical University, Karlsruhe, Germany. He was 
affiliated with the electrical laboratory of the Société Decauville, 
Corbeil, in 1899; the Compagnie d’Blectricité Thomson-Houston de 
la Méditerranée, Paris, in 1900, as electrical engineer; the National 
Tube Company, McKeesport, Pa., in 1903, as assistant chief elec- 
trician; and with the Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa., from 1904 to 1906 and later from 
1909 to 1911. In 1905 Mr. Wikander was appointed chief of the 
experimental department, General Electric Company of Sweden but 
the following year became commercial attaché at the Swedish lega- 
tion of Buenos Aires, Argentina. From 1911 to 1918 he was em- 
ployed as designing and later sales engineer, with the Hall Steam 
Pump Company, Pittsburgh, Pa. In 1918 he became consulting 
engineer for the SKF Industries, Inc., New York, N. Y. He prac- 
ticed as consulting engineer from 1922 to 1925 in which year he be- 
came affiliated with the Edgewater Steel Company. 

Contributed by the Railroad Division and presented at the Annual 
Meeting, New York, N. Y., December 3 to 7, 1934, of Tar AMERICAN 
Soctrry or MrecHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until October 10, 1935, for publication at a later date. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Investigations of the action of external forces are of funda- 
mental importance for the solution of draft-gear and air-brake 
problems and for a better understanding of the inter-relation of the 
action of these important parts of the equipment of long trains. 

In the following investigation the action of the external forces 
is analyzed according to a method particularly suited for the pur- 
pose, but which apparently has never been applied before to any 
great extent to problems of this nature. 

This method is based on the theory of wave transmission in 
elastic solid mediums. Its use in solving train dynamic prob- 
lems was suggested in a paper by L. H. Donnell.? 

According to this method, a long train is assumed to be me- 
chanically equivalent to an elastic bar of the same length, the 
same mass per unit length, and the same yield under.compression 
or tension. This assumption is only fairly correct because (1) 
no allowance is made for the free train slack, (2) the elastie bar is 
assumed to follow Hooke’s law which states that strain is pro- 
portional to the stress, while friction draft gears only approxi- 
mately follow this law, (3) the bar is supposed to be perfectly 
elastic, while the dampening effect of friction draft gears reduces 
the recoil forces in a long train, and (4) the elastic bar is assumed 
to have a uniformly distributed mass, while the mass distribution 
in a long train is not always even approximately uniform. 

In order not to overburden this paper with special cases the 
following investigation of an elastic bar has been limited to the 
case of a bar with uniform elastic and mass properties. 

The case of partial application of uniformly distributed forces 
has been included because it corresponds to the action of the 
type-K air brake, which is in general use at the present time. 

It would seem that a long train could always be represented by 
an elastic bar with both ends free and that the investigation of 
elastic bars with one or both ends fixed would have no bearing on 
train dynamic problems and might have been omitted. 

A fixed end of a bar corresponds, however, to a very sudden and 
great increase in its wave resistance and is comparable to the 
condition when a pressure wave traveling in an empty train strikes 
a group of fully loaded cars, and represents the extreme conse- 
quences of such a condition. 

They show that the investigation of an elastic bar with uni- 
form mass and elastic properties and both ends free only applies 
to trains with fairly uniformly distributed loads. Unusual load 
distribution, such as long trains composed of alternating strings 
of empty and loaded cars, require special investigation, which 
can be carried out by the use of the formulas given for reflected 
waves. 


1 LONGITUDINAL WAVES IN AN ELASTIC BAR 


Grapuic ILLUSTRATION OF Dynamic ACTION IN Lona Bars 


In a long bar the pressures, the particle speeds, accelerations, 
and retardations change not only from point to point in the 
bar but also from moment to moment at each particular point. 
It is therefore difficult to represent the action of the external 
forces in diagrams with only two coordinates. 

The method herein used to derive and represent the dynamic 
conditions in a long bar at a certain moment involves the use of 
two diagrams, one directly below the other, and, taken together, 
they portray the dynamic conditions of the bar at that moment. 


2“‘Tongitudinal Wave Transmission and Impact,” by L.H. Donnell, 
Trans. A.S.M.E., 1930, vol. 52, paper APM-52-14-153. 
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The upper diagram usually represents the compression or ten- 
sion in the bar, and is called the pressure diagram, while the lower 
one usually represents the speed of the particles at each point of 
the bar. If not otherwise qualified the word ‘‘speed’’ denotes the 
speed of the particles of the bar. In these diagrams the hori- 
zontal base line represents the length of the bar. 

Several sets of diagrams may be shown in the same drawing, 
thus illustrating the gradual change in the dynamic conditions in 
the bar during a certain period of time. 

Where the propagation speed of pressure or particle speed is 
constant the horizontal distance between two points in the pres- 
sure or speed diagram represents the time required for a pressure 
or speed wave to travel the distance between the points. 

Since the change in the length of a bar, produced by longitu- 
dinal forces, is negligible as a rule, the base lines of the pressure and 
speed diagrams are of constant length. 

A pressure at any point of a bar is represented by a positive 
ordinate or an ordinate above the base line. A tension is repre- 
sented by a negative ordinate or an ordinate below the base line 
in the pressure diagram. 

A concentrated external force is represented as an ordinate at 
its point of application, positive or above the base line if the force 
acts in the direction from left to right, and negative or below the 
base line if it acts in the opposite direction. 

A distributed external force is represented by a curve in the 
pressure diagram and the ordinate at any point of this curve is 
equal to the algebraic sum of the external forces applying to parts 
at the left of this point, forces acting in the direction from left to 
right being considered positive and those acting in the opposite 
direction being considered as negative. 

The speed of particles at any point of the speed diagram is 
represented by a positive ordinate, or an ordinate above the base 
line if the particles move from left to right, and by a negative 
ordinate, or an ordinate below the base line if they move in the 
opposite direction. 

Further details as to the design and use of the pressure and 
speed diagrams will be given in the course of the discussion of the 
various problems. 


SPEED oF PRESSURE PROPAGATION IN AN Exastic Bar 


It is known from the theory of sound that a pressure acting on 
an elastic body of uniform mass and elastic properties will propa- 
gate itself through the body at a constant speed, depending only 
on these properties. 

When applied to an elastic bar of uniform cross-section and 
constant modulus of elasticity, this speed is expressed by the 
equation 


Vig AACE (01). cites ols og ahsale see (1] 


where V = speed of pressure propagation, fps; k = stiffness con- 
stant or modulus of elasticity of the material in lb per sq in. 
multiplied by the cross-sectional area of the bar in sq in.; and 
m = mass per ft of length. 

Example. If Equation [1] is applied to a bar of 1 sq in. sec- 
tional area weighing 3.4 lb per ft, & = 30 X 10®lb per sq in., m = 
3.4/32.17 = 0.1058 = mass per ft, and V = +/(30 X 108/0.1058) 
= 16,800 fps. 


Spepep or Particues IN A PerFrectty Evastic BAR 


A pressure wave passing through a bar produces a speed of the 
particles in the direction of the wave. This speed depends on the 
pressure to which the particle is subjected and on the physical 
characteristics of the bar, i.e., on m, its mass per foot of length, 
and on k, its stiffness constant. The relation between these 
quantities is expressed by the equation 
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= r = WM )hecacels iatattees hbes 
ol an f = cv (mk) [2] 
where c = speed of the particles in the direction of the wave, ft 
per sec, and f = pressure to which the particles are subject, lb. 

The denominator »/(mk) is a constant which depends only on 
the physical properties of the bar. Thus, the bar pressure and the 
speed of the particles are proportional. A pressure wave there- 
fore produces a speed wave of the same speed as itself. 

If the end of a bar is subjected to a tension force, the tension 
wave will move in the direction opposite to that of the force, while 
the speed of the particles always has the same direction as the 
force which creates it. 

The relationship expressed by Equation [2] applies only to 
waves produced in a stationary bar and only to waves which have 
not been reflected. 

The expression 1/(mk) has a certain analogy to an electric re- 
sistance and will for the sake of convenience be called the wave 
resistance of the bar. (This quantity corresponds to the acoustic 
resistance of a medium, as defined by H. Brillié, in Le Génie Crvil, 
August 23 and 30, 1919.) 

If the wave resistance of an elastic bar is designated by Ru, 
Equation [2] can be written as 


Com f/ les OFF c= Cle oases [2a] 


REFLECTED PRESSURE AND SPEED WAVES 


If the mass or the stiffness constant of a bar suddenly changes 
the wave resistance will also change and the wave motion will be 
disturbed. 

Referring to Fig. 1, AB is an elastic bar, the part AC of which 
has the mass m per unit length, the stiffness constant k, and there- 
fore the wave resistance R,, = »/(mk). The part CB of this bar 
has the mass m, per unit length, the stiffness constant ki, and 
therefore the wave resistance Rw. = »/ (mk). 

Assuming that a constant force f, acting from A to B, is sud- 
denly applied at the end A, a bar pressure f and a speed of the 
particles c are created, both of which travel from A to C at a wave 
speed V (see Equation [1]). After passing through the inter- 
mediate shapes represented by the rectangles over AC’ and AC”, 
these waves both take the shape of the rectangle over AC as 
shown in Fig. 1 at the time they reach the point C. 

Because of the change in wave resistance, which occurs at C, 
further development of the pressure wave is disturbed and, if the 
wave resistance is increased at C, the pressure wave proceeds 
as shown in Fig. 2, in which the rectangle over AC is taken 
from Fig. 1. The bar pressure at C, Fig. 2, increases an amount 
f’, producing a reflected pressure wave of the height f’ super- 
imposed on the original pressure wave of the height f and travel- 
ing back from C to A. The total pressure fi at C, Fig. 2, produces 
a transmitted wave which travels from C to B at the speed V’ 
= V(ki/m). 

The speed diagram, Fig. 2A, corresponds to the pressure dia- 
gram in Fig. 2. Increase in the wave resistance at C causes the 
particle speed to drop the amount c’ or from c to q. This drop 
c’ in particle speed is reflected and travels from C toward A at 
the wave speed V, while the remaining speed c is transmitted 
from C to B at the wave speed V’. 

The particle speed c; at C can be expressed in two ways 


a = ate wa 
org = fi/Ru 


The pressure at C is 


; 
} 


RAILROADS 


If /(mki)// (mk), the ratio of the wave resistances of the two 

parts of the bar, be designated as r, the forces f’ and fi, and the 

| corresponding particle speeds c’ and c which they create, may be 
expressed as follows: 


Pant od 
ij eee) ei area pe alah Sc Coshirzc (5] 
or 
ER oysordt, Mee (6] 
iia ae 
Gril ae pe cache, So SOS Raehe deter (7] 
bh$ 312 
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If r is greater than unity in Equation [5], f’ will be positive, 
causing an increase in the bar pressure above its original value f. 
If, however, r is less than unity in this equation, f’ will be negative 
and will cause a decrease in the original bar pressure. The pres- 
sure fi is always positive. 

In case the bar has a free end at the point, the ratio r will be 
equal to zero and 


which means that the original pressure wave will be reflected, 
changing its sign. Also, if r = 0 is substituted in Equation [6], 
fi = 0, or the pressure in the transmitted wave will be zero. 

The particle speed produced by this additional force f’ will be 
c’ which, when deducted from the original speed c, gives for r = 0 


Ca 


Therefore, it is seen that the speed of particles reaching a 
free end of a bar is also reflected but does not change its sign. 

Likewise, the foregoing equations prove that for a fixed end of 
the bar, corresponding to a value ofr = «, the additional pressure 


aj 


and the speed of particles changes to 


CeCe Ce aC) 


The bar pressure is reflected from a fixed end of a bar without 
change of sign while the speed of particles is reflected with change 
of sign. 

If r = 1, there is no change in the wave resistance and f’ as well 
asc’ are equal to zero, while fi = f and c=, as might be expected. 

The rules which govern the reflection of pressure and speed 
waves at the end of a perfectly elastic bar may be expressed as 
follows: 


1 A pressure wave reaching the free end of a bar is reflected, 
changing its sign. 

2 A pressure wave reaching the 
without change of its sign. 

3 A speed wave reaching the 
without change of its sign. 

4 A speed wave reaching the 
changing its sign: 


fixed end of a bar is reflected 
free end of a bar is reflected 


fixed end of a bar is reflected, 


ForRMATION OF PRESSURE AND Sppep WAVES IN A PERFECTLY 


Evastic BAR 


(A) Single External Force, Instantaneously Applied 
Referring to Fig. 3, assume that a constant force f is instanta- 
neously applied at A of a perfectly elastic bar AB so as to act 
from A to B. 
Such a force would be created by an infinite mass striking the 
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end A at a speed c, which, multiplied by the wave resistance of 
the bar \/(mk) would produce the force f, expressed by Equa- 
tion [2]. ‘ 

The material at the end of the bar to which the force is applied 
would be compressed, setting up a pressure in the bar which may 
be represented by the vertical line AC. Under the continued 
application of the force the compression will travel as a wave 
along the bar at a speed determined by the physical properties 
of the bar. See Equation [1]. 

The pressure distribution in the bar at successive intervals of 
time can be represented by the rectangles ACC’A', ACCA’, 
and ACDB. The last rectangle represents the pressure in the 
bar at the instant that the front of the pressure wave reaches the 
end B. 

It is interesting to note that the ratio of the speed of particles 
c as given by Equation [2] to that of pressure and speed trans- 
mission V as given by Equation [1] can be expressed as 


c/V = f/k or c (f/k)V 


and is therefore equal to the ratio of the bar pressure to the stiff- 
ness constant of the bar. 

The diagram in Fig. 3 can therefore be considered as represent- 
ing either the internal pressures or the speed of particles produced 
as the pressure f travels from one end of the bar to the other. 
From the moment that the pressure reaches the end of the bar the 
pressures and the particle speeds can no longer be represented by 
the same diagram. The subsequent changes in pressures and 
speeds will depend on whether the end B is free or fixed. 

If this end is free, the pressure will drop to zero and a tension 
wave traveling from B to A at the speed V will gradually reduce 
the pressure diagram to the rectangles AA"C'C and AA’C’C un- 
til it disappears into the vertical AC. 

If at this moment the force f continues to act, it will produce a 
new pressure wave which will again travel to the end B of the bar 
and again recede to zero, this process continually repeating itself 
as long as the force f continues to act. 

The speed diagram which is identical with the pressure diagram, 
Fig. 3, except for the scale, until the front of the wave reaches the 
end B of the bar, is illustrated in Fig. 3A, in which the rectangle 
ABDC has been taken from Fig. 3. 

The sudden drop of the pressure at the end B will increase the 
speed of the particles at this point to the value BE = 2BD. 
The wave front DE of the speed wave will travel from B to A in 
unison with the receding pressure wave and take the consecutive 
positions H’C” and EC’ until it reaches the position CF and the 
speed diagram takes the shape of the rectangle ABEF. If the 
force f continues to act, the speed of the particles at the point A 
will increase the amount FG = CF = AC, and the speed-wave 
front GF will travel from A to B, taking the intermediate posi- 
tions G’E’ and G’E” until it reaches the position EH. Thespeed 
diagram takes the shape of the rectangle ABHG. 

If the end B of the bar AB is fixed the pressure diagram is repre- 
sented by Fig. 3A. When the front of the pressure wave reaches 
the fixed end B it is reflected without change of sign from B to A, 
the wave front DE taking the intermediate positions C’E#” and 
C/E’ until it reaches the position CF. The pressure diagram 
takes the shape of the rectangle ABEF. 

If an infinite mass moving at the speed c produced the pressure 
f, it would suddenly increase the pressure to 3f, or from AC to 
AG, Fig. 3A, as the reflected pressure wave reaches A. Upon its 
next return this force would increase to 5f. The increases in force 
continue in this manner until the bar pressure becomes infinite. 

Therefore, if the end B of the bar is free, Fig. 3 represents the 
pressure on the bar and Fig. 3A represents the speed of the 
particles, while if the end B is fixed, the pressure is represented 
by Fig. 3A and the speed by Fig. 3. 
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(B) Single External Force Gradually Applied and Removed 


Referring to Fig. 4, AB is a long bar of uniform cross-section 
and constant modulus of elasticity. If a compressive force act- 
ing longitudinally at the end of the bar is gradually and uniformly 
increasing from zero to the value f during the time ¢, it will create 
a pressure wave, represented by the triangle ACD, traveling 
from A to B at the pressure-propagation speed V. The inclined 
cross-sectional lines represent the consecutive positions of the 
wave front. The vertical AD represents the force f while the 
horizontal AC represents the distance L the pressure has trav- 
eled in the time t. 

Every particle of the part AC of the bar has, under the influ- 
ence of the force f, been given a certain speed c which according 
to Equation [13] is smaller than the speed of pressure trans- 
mission in the same ratio as the force f is smaller than the stiff- 
ness constant of the bar. 

The time ¢ during which the pressure f was attained does 
not affect the resulting speed of the particles. The diagram 
ACD represents the speed c of the particles at the time ¢ as well 
as the internal pressure in the bar, although the scaies of course 
are different. 

If the force f remains constant for a certain length of time h, 
referring to Fig. 5, the wave front CD, taken from Fig. 4 and 
shown in thin lines, will then have traveled the distance DD, and 
have reached the position C;D;._ The pressure distribution in the 
bar is then represented by the area AC;D,D. The inclined cross- 
sectional lines represent the consecutive fronts of the pressure 
area during the time 4. It also represents the speed of the par- 
ticles, as previously explained. 

With reference to Fig. 6, assume that the force f decreases 
gradually to zero during the time ft. If the material of the bar 
is perfectly elastic or free from mechanical hysteresis, the pressure 
area AC,D,D, which has been taken from Fig. 5 and is shown in 
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thin lines, will, during the time t2, have traveled the distance LZ» 
without changing its shape and will be represented by the area 
AiC:D.D3. While the force f decreases during the time fs, the 
pressure and speed line AD; will be formed and the particles in 
AA, of the bar will be retarded gradually until those at A return 
to a standstill, after the time t2. At this time the pressure and 
speed diagram has taken the shape AC,D.D, and is moving from 
A to B at the constant speed V without changing its shape. 

At the instant illustrated by Fig. 6 the pressure (and speed) 
history during the interval ft: is represented by the successive 
positions of the dot-and-dash lines. It starts from the point D 
when the pressure f begins to decrease and progresses to the 
position AD when the force f at A has becomezero. In the 
meantime the point D, at which the decrease in pressure began, 
has traveled to D3. 

When the quadrangle AC2D:D; passes beyond the point B, it 
changes its shape in different ways for the pressure and the speed 
diagram, the change in shape depending on whether the end B of 
the bar is free or fixed. 

When the End B of the Bar AB Is Free. Referring to Fig. 7, it 
is assumed that the pressure and speed wave, represented by the 
quadrangle AC,D.D; taken from Fig. 6 and shown in light full 
lines, has traveled until it would have reached the position 
A2C3D;D4 if the bar AB had extended far enough. The part 
BCE of this quadrangle, which would extend beyond the free end 
B, is reflected and changes its sign. Hence, an equivalent area, 
represented by the triangle BD;E is deducted from the remaining 
pressure area, forming a resulting pressure diagram represented 
by the quadrangle A,BD;D,. The inclined dashed lines within 
the area AA.D,D; represent intermediate positions of the rear of 
the wave as it progresses from AD; to A.Dy. The dashed lines 


within the area BC,D2D; represent intermediate positions of the 
wave front as it advances from C.D: to BDs. 
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The corresponding speed diagram is shown in Fig. 7A. In this 
case, the part of the wave which would project beyond the free end 
B is reflected without change of sign and, adding itself to the, as 
yet, unreflected part, passes through the intermediate shapes, 
shown in dashed lines within the quadrangle BC:D.E, until the 
speed wave takes the shape of the quadrangle A,BE,D, at the time 
the pressure diagram assumes the shape shown in Fig. 7. 

Figs. 8, 9, 10, 11, 12, 13, and 14 show consecutive shapes of the 
pressure diagrams which are produced when the wave is reflected 
at the free end of abar. Likewise Figs. 8A, 9A, 104A, 11A, 12A, 
13A, and 14A show consecutive shapes of the corresponding speed 
diagrams. 

When the End B of the Bar AB Is Fired, the diagram represent- 
ing the speed of the particlesis as shown in Fig. 7, while Fig. 7A is 
the pressure diagram. The latter part of the pressure diagram, 
Fig. 7A, which would extend beyond the end B is reflected with- 
out change of sign and, after the front of the wave has passed 
through the intermediate shapes represented by the dashed lines 
in Fig. 7A, the pressure diagram assumes the shape of the quad- 
rangle A2BH,\Ds. Referring to the speed diagram, Fig. 7, the 
part BC;E which extends beyond the fixed end B of the bar is re- 
flected, changes its sign and is deducted from the, as yet, un- 
reflected part of the diagram. The front of the speed wave passes 
through the intermediate shapes, represented by the dashed lines 
in Fig. 7, until the speed diagram takes the shape of the quad- 
rangle A,BD;Ds, shown in the same figure. 

Figs. 7, 8, 9, 10, 11, 12, 13, and 14 are the speed diagrams and 
Figs. 7A, 8A, 9A, 104, 114, 124, 13A, and 144A are the corre- 
sponding pressure diagrams, derived for a bar with the end B 
fixed. Corresponding points in the speed diagrams and pressure 
diagrams are marked with the same symbols. 


(C) Uniformly Distributed External Forces Gradually Applied 


Referring to Fig. 15, AB is a perfectly elastic bar subjected to 
external longitudinal forces acting from A to B, the application 
beginning at A and gradually progressing to B at a constant rate 
of force application, corresponding to the gradual application of 
the brakes in along train. It is proposed to determine the pres- 
sures produced by these forces as well as the speeds imparted to 
the particles of the bar. 

The formation of the waves will be somewhat different, de- 
pending on whether the ratio of the speed of pressure trans- 
mission to the rate of force application is greater than, equal to, 
or smaller than unity. The reflection of the waves from the ends 
of the bar also will be different, depending on whether the ends 
are free or fixed. 

In every case the formation of the waves can be subdivided into 
a number of distinct periods, the transition from one period to the 
other being marked by certain events. Diagrams, showing the 
dynamic conditions of the bar at each transition point and at two 
intermediate points during each period, as well as analytical ex- 
pressions of various quantities, will be used to illustrate the for- 
mation and to compute the magnitude of the pressure and speed 
waves in the bar. Pressure and speed diagrams have been in- 
vestigated for the cases listed in Table 1. 

Case 1, Period 1. This period begins with the application of 


TABLE 1 CASES AND CONDITIONS OF PRESSURE AND SPEED 


WAVES INVESTIGATED 
Case 1 p>l End A free End B free 
Case 2 p= End A free End B free 
Case 3 p<l End A free End B free 
Case 1A p>tl End A free End B fixed 
Case 2A p=l1 End A free End B fixed 
Case 34 ae | End A free End B fixed 
Case 1B p> End A fixed End B free 
Case 2B p=l1 End A fixed End B free 
Case 3B p<il End A fixed End B free 
Case 1C p> End A fixed End B fixed 
Case 2C p=1 End A fixed End B fixed 
Case 3C p< End A fixed End B fixed 
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the force and continues until the pressure wave reaches the rear 
end of the bar. Let the vertical BO in Fig. 15 represent the total 
longitudinal force’ which is to be gradually and uniformly ap- 
plied over the bar AB. 

After a certain time t the force application may have pro- 
gressed to a point C’ on the bar AB. The longitudinal fore dis- 
tributed over the part AC” of the bar is represented by the 
vertical C’D”. The force acting at each point of the part AC” 
divides into a tension force and a compression force of equal 
magnitude. This results in a uniformly distributed force C"E” 
equal to 1/2 C”D", producing a compression waye, plus a uni- 
formly distributed force C’F", of the same magnitude as C’E’, 
producing a tension wave. 

Since the speed of pressure transmission V is assumed to be 
greater than the rate of force application Vi, the compression 
produced when the external force began to act at A will have 
traveled to a point G@” beyond the point C” by the time the force 
application reaches this latter point. The pressure distribution 
produced by the force CE is then represented by the triangle 
AE’G’. If the bar had extended beyond A, the tension wave 
would have traveled a distance AH” = AG” and the tension 
distribution produced by the tension force C’F” would have 
been represented by the triangle AF'"H Me 

The part AH’J” of this tension triangle, which extends be- 
yond the free end A of the bar, is reflected, changes its sign, 
and forms the pressure area AJ"K". If the tension area AF’J" 
is subtracted from the pressure area AJ’K", a pressure area 
F’J’K” remains. Adding this area to the pressure area AE'G", 
the resulting pressure diagram is represented by triangle AG'L". 

The corresponding speed diagram, shown in Fig. 15A, is simi- 
larly constructed with the exception that the areas of the tri- 
angles AE’G’ and AF’J” and that of the reflected triangle 
AJ’H" are all added together, forming the speed diagram 
AG’L"M". 

After the pressure propagation has reached the rear end B of the 
bar, the pressure diagram has taken the form of the triangle 
ABL. The point L is the intersection of the extended line AL” 
with the line BL drawn parallel to GL". The corresponding 
speed diagram is represented by the area ABLM in Fig. 15A. 
The point L has the same location in Fig. 15A asin Fig. 15. 

This condition represents the end of the period. From the 
geometric relationships in these diagrams the following analytical 
expressions may be derived. 

The vertical CD in Fig. 15 represents the total applied ex- 
ternal force = fii. The maximum occurring internal pressure 
at the end of this period is represented by the vertical CL and can 
be expressed as 


il 
Py ide croc wpettesces = 2 14 
Su ae [14] 
The location of the point C at which P; occurs is equal to AC or 
(Fer (GU/ i) Gleirenis op pacman oe {15] 


The acceleration of the part AC of the bar, to which the exter- 
nal forces have been applied, is equal to the accelerating force, 
represented by the vertical CD, less the retarding force, repre- 
sented by the internal pressure CL, divided by the mass, repre- 
sented by the horizontal AC, or 


ne AC 

The acceleration of the part BC of the bar which has not as yet 
been reached by the force application is represented by the in- 
ternal pressure CL = P, divided by the mass of the part BC of the 
bar on which it acts. This acceleration is 
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The time at which the pressure P; is reached may be expressed 
as 


and the speed, which the part AC has acquired after the time t;, 
represented by the vertical CL in Fig. 154A, may be expressed as 


aie 
mV p+i1 


Comparing Equation [14] for P; and Equation [19] for a, it 
will be noted that the vertical BO in Fig. 15 represents the sum 
fi of all the external forces ultimately acting on the bar, while 
the same vertical distance in the speed diagram would represent 
the expression f:L/mV or the speed which the unit force f; acting 
on the unit mass m would impart to the mass during the time 4. 

The momentum of the bar at the time ¢; may be expressed as the 
average external force applied to the bar during the time t, 
multiplied by the time or 


Up to this point the formation of the wave has been indepen- 
dent of whether the end B of the baris free or fixed and, therefore, 
the above formulas apply to both Case 1 and Case 14. 

Case 1, Period 2. This period begins at the time the pressure 
wave reaches the free rear end of the bar and continues until the 
reflected wave meets the crest of the original one. 

Referring to Fig. 16, the pressure diagram ABL has been taken 
from Fig. 15 and the speed diagram ABLM in Fig. 16A has been 
taken from Fig. 154. Following the same procedure as outlined 
under Period 1, it will be found that the pressure diagram changes 
from the triangle ABL at the beginning of this period, takes the 
intermediate forms represented by the areas ABB’L’ and 
ABB'L", and assumes the form of the triangle A BL, at the end of 
this period. The corresponding speed diagrams change from the 
quadrangle ABLM at the beginning of this period, takes the 
intermediate forms, represented by the areas ABN’B’L’M’ and 
ABN"B'L"M", and assumes the form of the rectangle ABNM, 
at the end of this period. 

It is interesting to note that every particle in the bar has a uni- 
form speed c. = CZ; in Fig. 16A at the time of the maximum 
occurring bar pressure P; = C,Ly in Fig. 16. 

This pressure can be expressed as 


Pree” [21] 
a — ja (p oe 1? elaile, ‘v:\G. a tans oh seme name 
and occurs at the distance AC, from point A, which is 
2 
be Be see [22] 
(Gra 


The acceleration of the part AC; ot the bar is still a;, as given in 
Equation [16], while that of the part BC, of the bar is 


The time f: at which the pressure P2 is reached may be ex- 
pressed as 
; Pe ot [24] 
a = V We'd (seep) bas i & Siekngs aie 


Vi; 


The speed cz is equal to the distance C,Z; or 
CG = al, 
or 


ee 
~ mV (p +1)? 


The momentum of the bar at the end of this period, computed 
as the product of its mass m and its uniform speed c can be ex- 
pressed as 


ar? ene 
Voir 1b 


It has been found, as the equations developed for the above 
Period 1 and Period 2 of Case 1 have indicated, that every specific 
value of the various quantities P, /, a, t, c, and Q can be expressed 
by a function of the constants of the bar which is the same for 
all cases and periods multiplied by a function of the propagation 
ratio p. The function, however, will vary according to cases and 
periods. 

It has been shown how such specific values are constructed or 
computed from the constants for Periods 1 and 2 of Case 1. 

For the purpose of the present investigation, the maximum 
value of P, its location J, and the maximum value of the accelera- 
tion or retardation a are the most important quantities. There- 
fore, the following analysis will be confined generally to the 
study of these quantities. 

Case 1, Period 3. This period begins at the time the pressure 
wave, which has been reflected from the free rear end B of the 
bar, meets the crest of the original wave, and continues until the 
force application has reached the end B. 

Following the procedure previously outlined, the pressure dia- 
gram Fig. 17, which at the beginning of this period is represented 
by the triangle ABZ, takes the intermediate shapes represented 
by the quadrangles ABL;’L,’ and ABI,"L," and assumes the 
shape of the triangle ABZ» at the end of the period. The corre- 
sponding speed diagram Fig. 17A changes from the rectangle 
ABNM, at the beginning of this period, takes the intermediate 
shapes represented by the areas ABN’Zy;'Lo'M,’ and ABN"L,"- 
L,"M,", and assumes the shape of the area ABN,L2M; at the end 
of this period. 

The maximum internal pressure occurring at the end of this 
period is represented by the vertical C.Z,2 in Fig. 17 and can be 
expressed as 


Q 


p(2 — p) 
a A arn a bho: 27 
Ps = fil Sr [27] 
It occurs at the distance AC; from point A which is 
eos LQ D) cae See ene eee [28] 


The acceleration of the part C.B of the bar at the end of this 
period is 


Summary of Analysts of the Remaining Periods and Cases. It 
is believed that the foregoing analysis of the first three periods of 
Case 1 illustrates sufficiently the application of the method to 
other periods and cases and that a reproduction of all the dia- 
grams of individual periods of the remaining cases will not be 
necessary. 

For the development of any desired period in any of the cases 
listed in Table 1, the diagrams shown in Figs. 18A to 18H are 
helpful. Referring to Fig. 18A, the horizontal AB is the bar to 
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CASE | PERIOD 1 


41G. /6A 


CASE 1 PERIOD 4 


which the uniformly distributed external forces are gradually 
applied, acting from A to B ata uniform speed of application. 

The horizontal AD in Fig. 18A represents the accumulated 
travel of the front of the pressure wave back and forth between 
A and B, from the time it originated at the front end A of the 
bar. The horizontal AC represents the accumulated travel of 
the front of the tension wave, also originating at the end A. Each 
of these lines is divided into sections within which the original 
wave retains its sign, alternating with sections in which a change 
of sign occurs. The inclined lines, which intersect the hori- 
zontal AD in the points 1, 2, 3, etc., represent the advancing front 
of the compression wave at the end of the lst, 2nd, 3rd, ete. 
periods, respectively. Likewise, the inclined lines, which inter- 
sect the horizontal AC in the points 1, 2, 3, etc., represent the 
front of the tension wave at the end of the Ist, 2nd, 38rd, etc. 
periods, respectively. 

In the pressure diagram Fig. 184A, both the compression and 
tension waves change their sign every time they pass the free ends 
A and B of the bar. The horizontals AD and AC may therefore 
be divided into sections within which the original wave retains its 
sign, alternating with sections within which a change of sign 
takes place. In view of the fact that ends A and B are both free, 
each such section is equal to the length AB of the bar. 

The pressure diagram at the end of any period of Case 1 will 
be found if the areas between the inclined line AE in Fig. 18A 
and the wave fronts above the base line CD are algebraically 
added to the areas between the inclined line AF and the wave 
fronts below the base line, keeping in mind that the sign is 
changed so as to be negative in the areas BEG4 and 7HJD above 
the line CD and so as to be positive in the areas AKI1, and 4MN7 
below the base line CD. The addition of these areas should be 
carried out in such a way that the points 4 and C come at the end 
A and points 1 and 7 at the end B of the bar. All the areas en- 
closed by full lines are positive while those formed by dashed lines 
are negative. 
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FIG. 19A 


The speed diagram at the end of any period is constructed from 
the diagram in Fig. 18B in the same manner, except that all the 
areas are added together arithmetically since the speed waves are 
all positive and all are reflected from the ends of the bar without 
change of sign. 

In Figs. 18A to 18H, inclusive, the vertical height of the pres- 
sure diagrams represents one-half of the total applied external 
force or !/2f;L. The height of the speed diagrams or the speed 
represented by the verticals BE = BF may, according to Equa- 
tion [2], be expressed as 


and is equal to the speed of the particles. This speed will be 
produced by a pressure equal to one-half of the external forces in a 
bar of the wave resistance ~/(mk). 

During the first period the unreflected compression and ten- 
sion areas in all the pressure diagrams have opposite signs, the 
former being positive and shown in full lines above the line AB, 
while the latter are negative and shown in dashed lines below the 
base line AB. The corresponding unreflected waves in all the 
speed diagrams are both positive during the first period and shown 
in full lines. 

The signs of the compression and tension waves during the 
following periods depend on whether the ends of the bar are 
free or fixed. In Figs. 184 to 18H, inclusive, the sections within 
which the diagram areas are positive are shown in full lines. 
Those within which they are negative are shown in dashed lines. 
With the help of such diagrams, the pressure and speed diagrams 
for all the cases and periods in Table 1 have been investigated, but 
it is not considered necessary to reproduce them all. 

The diagrams for the Cases 1, 2, and 2A may serve as examples. 
Figs. 19 and 19A and Figs. 20 and 20A represent Case 1, Periods 
4 and 5, respectively. Figs. 21 and 21A and Figs. 22 and 22A 
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FIG. 21A FIG. 23A 


represent Case 2, Periods 1 and 2, respectively. Figs. 23 and 234A 
to Figs. 27 and 274A, inclusive, represent Case 2A, Periods 1 to 
5, respectively. 

In each of these figures the diagram at the beginning of the 
period is shown in light fulllines. Two intermediate shapes of the 
diagram are shown in dashed lines. The diagram at the end of 
the period is shown in heavy full lines. The diagram at the end 
of one period is of course the same as that at the beginning of the 
following period and both are designated by identical symbols. 

In all the cases it will be found that from a certain point on the 
pressure diagrams are regularly repeated in cycles of a certain 
number of periods each. This applies also to the speed diagrams, 
with the qualification that in Cases 1, 2, and 3, where both ends 
of the bar are free, the speed of the bar as a whole increases con- 
tinuously under the influence of the applied external forces. 
The number of periods in each cycle and the number of the 
period at the end of which the cycles begin are given in Table 2 
for all the cases listed in Table 1. 


TABLE 2 CYCLES OF THE PRESSURE AND SPEED WAVES 


Period no. at No. of periods up 


Case No. of periods end of which to and including 
number per cycle cycles begin the first cycle 
1 6 3 9 
2 2 1 3 
3 6 2 8 
1A 12 3 15 
2A 4 1 5 
3A 12 2 14 
1B 12 3 15 
2B 4 1 5 
3B 12 2 14 
1C 6 3 9 
2C 2 1 3 
3C 6 2 8 


The analysis of the pressure and speed waves for the type of 
force application under consideration thus involves an examina- 
tion of a total of 108 sets of diagrams. For the purpose of this 
investigation it is considered sufficient to give the summary of 
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such an examination. 
and 4. 

In the preceding analysis it was always assumed that the ex- 
ternal forces, beginning at A, acted in the direction from A to B, 
in which case the conditions listed in Table 3 would apply. 

If the external forces should begin to be applied at A but should 
act in the opposite direction, or from B to A, all the preceding 
diagrams would change in such a manner that every point of 
them would move vertically across the line AB to an equidistant 
position. The various values for Table 3 would still apply, but 
their meaning would change according to Table 4. 

The changes in the force application do not affect Table 1. 


This summary is contained in Tables 3 


(D) Partially Applied Uniformly Distributed External Force 
Acting on a Perfectly Elastic Bar 


1 Both Ends of Bar Free. Referring to Fig. 28, AB is a per- 
fectly elastic bar subjected to a uniformly distributed external 
force, acting from A to B, its application beginning at A and 
progressing at a uniform rate up to point C. 

Partial Force Application for p > 1. At the time the force 
application reaches the point C, the pressure diagram will be 
represented by the triangle ADE. By the use of the previously 


Line 


TABLE 3 CONDITIONS 

IN ELASTIC BAR WHEN 

PRESSURE IS APPLIED 
FROM A TO B 


RAILROADS 


VALUES FOR TABLE 3 AND TABLE 4 
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TABLE 4 CONDITIONS 

IN ELASTIC BAR WHEN 

PRESSURE IS APPLIED 
FROM B TOA 


—= — 


Case number.....5....- 1 2 3 1A 2A 3A 1B 2B 3B 1C PHO AYE" pee CARO as Case number 

Max bar pressure, multi- 2p p 2 Max bar tension, multiply 
pis) yalues in this line @+i? 1/y 5 2 2 2 @ + ip? Vy 1/2 2—p 1 1 values in this line by fil 

Distance from front end of Distance from front end of 
the bar at which max 2 1 1 nD 1 1 1 2 ee 1 1 1 the bar at which max ten- 
pressure occurs, multiply ( p + 1 2 pt+il 2 sion occurs, multiply val- 
values in this line by L ues in this line by L 

No. of earliest period during No. of earliest period during 
which max bar pressure > 2 1 2 fi 2 7 2 1 2 3 él 3 which max bar tension 
occurs occurs 

Max bar tension, multiply = 5 = Max bar pressure, multiply 
wae in this line by a es Wy M2 5) Lt a & ve 2 2 2 2—p 1 1 1 values in this line by fil 

Distance from front end of Distance from front end of 
the bar at which max (p—1 0 ho GR 0 ee? 1 ‘oun 0 0 0 the bar at which max 
tension occurs, multiply 2 2 2 yh pressure occurs, multiply 
values in this line by L values in this line by L 

No. of earliest period during No. of earliest period during 
which max bar tension? 5 2 5 11 4 11 6 2 6 4 1 4 which max bar pressure 
occurs occurs 

Max acceleration (or retar- x Max acceleration (or retar- 
dation) of particles of bar, (37 — 1 a 1 1 ie 1 1 1 1 sid 1 cake) of rugs Ge is bi 
multiply values in this —-91 = =x i= == ih = =a I — p?2 multiply values in this line 
line by fi/m wi et peer? ai by fi/m 

No. of earliest period during No. of earliest period during 
which max acceleration} 5 1 2 5 1 5 8 se 3 1 3 which max acceleration 
(or retardation) occurs (or retardation) occurs 


described method, it is found that under the influence of the 
applied force, the pressure diagram will take the intermediate 
) shapes AD:G,E:, AD.G2H2, and the final shape ABG;E3E2, the 
latter being attained at the time the front of the pressure wave 


reaches the end B of the bar. 


The vertical CH, in the pressure 


diagram, Fig. 28, represents the maximum occurring bar pressure 
and the greatest bar pressure that the applied force can produce, 
regardless of the length of the bar AB. 

If the external force applies to the part AC of the bar AB as 
shown in Fig. 29, the reflected pressure wave will just reach the 
crest of the original one at the time the latter reaches its maxi- 
mum value CD. 

Referring again to Fig. 28, it will be seen that the maximum 
pressure produced by a force applied over the part 1 of a bar never 
can exceed the value represented by the vertical CE, which may 
be expressed as 


The greatest length l, represented by the distance AC in 
Fig. 29, which still permits the formation of such a pressure may 
be expressed as 


and the corresponding maximum bar pressure, represented by the 
vertical CD in Fig. 29, is 


Py =filk = 


The maximum bar pressure for a force application extending 
over the whole length of the bar is represented by the vertical 
C.D, in Fig. 30 and is given as P2 in Equation [21]. It occurs 
when the force application has proceeded the distance AC, in 
Fig. 30, given as J, in Equation [22]. Also, P2 is larger than P, 
for all values of p greater than unity. 

For all values of I between the limits 0 <1 < ls, the maximum 
bar pressure P is-expressed by Equation [31]. For values of 1 
within the range I, <1 < ls, the maximum value of P is expressed 
by the equation 


P = fi(l(p — 1) + 20] 


2(1 + p) 


Partial Force Application for p = 1. 


By using the same method, 


the pressure diagrams shown in Fig. 31 are obtained for p = 1. 
The broken line ABCD represents the form of the pressure dia- 


FIG. 29A 


gram at the moment the maximum obtainable bar pressure HD 


first occurs. 


This maximum pressure can be expressed as 


For all values of 1 between zero and 1/.L, the corresponding 
value of P is expressed by Equation [31]. 

For all values of J between the limits 1/2L <1 < L, the value of 
P is equal to Ps as given in Equation [35]. 

The pressure diagrams for intermediate values of J are shown in 


dashed lines in Fig. 31. 


The corresponding maximum bar pres- 


sures DE and BD; are both equal to Ps as given in Equation [35]. 
For | = L the pressure diagram takes the shape of the triangle 
ABD, in Fig. 31 at the time P reaches its maximum value P35. 


Partial Force Application for p < 1. 


By using the same proce- 


dure as previously outlined, the pressure diagrams shown in Fig. 


32 are obtained. 


For values of J between the limits 0 < 1 < 1/21, the value of P is 


that given in Equation [31]. 


In this case, 1 = 1/22 represents the 


length of the greatest part of the bar to which the external force 
may apply and still produce the maximum pressure ED which the 
force can possibly create, regardless of the length of the bar. 
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This pressure is equal to P; as given in Equation [35]. The corre- 
sponding pressure diagram is represented by the quadrangle 
ABCD, Fig. 32. 

In case of a uniformly applied force over the whole length of the 
bar, the maximum bar pressure D2», equal to 1/spf,L, is reached 
when the pressure propagation has reached the distance AH», 
equal to '/2(1 + p)L, which values are found in Table 3 (Case 3, 
Period 2). The corresponding pressure diagram is represented 
by the triangle ABD, in Fig. 32. 

It will be seen from this equation that the value of P gradually 
increases from the value of P; as expressed by Equation [33] to 
the maximum value of P: as expressed by Equation [21] along the 
straight line DD, in Fig. 30 when the part J, to which the external 
force applies, increases from the value of J; as given by Equation 
[382] to lz as given by Equation [22]. : 

Referring to Fig. 30, it will therefore be seen that the heavy 
full line ABD,D represents the maximum bar pressures that can 
be produced by an applied force of f; Ib per ft of bar, regardless of 
the part of the bar to which it is applied. 

The shape of the pressure diagrams ABCD and ABD, are shown 
in full lines at the time the bar pressure reaches its maximum 
value for 1 = l,jand1 = l,. Diagrams for intermediate values of 
1 are shown in dashed lines. They represent the shapes of the 
pressure diagrams when the external force is applied to the bar 
AB over intermediate distances at the time the maximum bar 
pressure is reached for each application. 

It is interesting to note that in case of partial force application 
over the length Js of the bar, equal to AH; in Fig. 32, and ex- 
pressed by the equation 


the bar pressure exceeds the value from Table 3 and amounts to 
Ps, where 


represented by the vertical DZ, in Fig. 32. 
For values of 1 between the limits 1/2 < 1 < Js, the maximum 
obtainable bar pressure 


L—l(1—p) 


ie mane: 


and, for such values of J, the corresponding values of P are located 
on the inclined line DD, in Fig. 32. Pressure diagrams for such 
values of J are shown in dashed lines. For values of J between the 
limits lb < 1 < L the corresponding values of P are located on the 
straight line BD, in the same figure. 

Partial Force Application in Different Directions. In the pre- 
ceding analysis of partial foree application it was shown that if 
the external force is applied from A to B, beginning at A, and if 
the application of this foree proceeds at a uniform rate in that 
direction, the maximum bar pressures possibly created, regardless 
of the length of the part of the bar to which the external force 
applies and of the propagation ratio, will always fall within the 
quadrangle ABC\M, shown in Fig. 33 in heavy full lines, pro- 
vided both ends of the bar are free. 

The maximum occurring coupler tensions will be confined 
within the quadrangle ABM,2G, also shown in heavy full lines in 
Fig. 33. If the applied forces act from B to A the bar pressures 
will remain within the quadrangle ABM,G, and the bar tension 
within the quadrangle ABC,Ms, both shown in dashed lines. It 
will be seen that regardless of the direction of the applied forces 
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and of the rate at which the application proceeds, the bar pres- 
sure or tension will, in case of a bar with both ends free, never 
exceed the value of '/afiL. 

2 One End of Bar Is Free, One End Fixed. Referring to Fig. 34, 
AB represents a perfectly elastic bar subjected to gradually and 
uniformly applied external longitudinal forces acting from A to 
B. They begin to apply at the end A and proceed toward the 
end B at a constant rate of application. These forces may apply 
over the whole length of the bar or over only a part of it. 

If the end A is free, while the end B is fixed, the analysis shows 
that the bar pressures may attain any value within the quadrangle 
ABD,G, and the bar tensions may attain any value within the 
triangle ABG:, in Fig. 34. If the external forees apply in the 
opposite direction, bar tensions will predominate and may as- 
sume any value within the quadrangle ABD,G, while the bar 
pressures will be confined within the triangle ABG,. It is in- 
teresting to note that if one end of the bar is fixed, the maximum 
possibly occurring bar tensions and pressures are equal to 2f,L 
or four times greater than if both ends were free. 

3 Both Ends of the Bar Are Fixed. Referring to Fig. 35, it is 
assumed that both ends of the perfectly elastic bar AB are fixed. 


ines 2 er) 


aS 


FIG 33 


FIG. 34 


FIG 35 


It is subjected to gradual and uniform external longitudinal 
forces which begin to apply at end A and proceed toward end B 
at a constant rate of application. They may apply over the 
whole length of the bar or only a part thereof. 

If the forces act from A to B, the maximum bar pressures will 
fall within the quadrangle ABF,F, and the maximum bar ten- 
sions within quadrangle ABH». If the forces act in the op- 
posite direction, the maximum bar pressures will fall within the 
quadrangle ABH,\H, and the maximum bar tensions within the 
quadrangle ABF,H,. In either case and regardless of the direc- 
tion of the forces, the bar pressures will always fall within the 
polygon ABF\E,H, and the bar tensions within the polygon 
A BFE). 

In the center of the bar the pressure or tension will never exceed 
'/,f\L or one-half that which may be attained in a bar with both 
ends free. The maximum occurring bar pressure or bar tension, 
which only occurs at the ends of the bar may attain the value 
f\L or twice that obtainable in a bar with both ends free. 


2 BRAKING AND STARTING OF A LONG TRAIN 
(A) Braxine or a BuNcHED TRAIN 


The brakes apply first on the first car and then the brake 
application proceeds from car to car through the length of the 
train. After the brakes have begun to retard the first car, the 
second car runs relatively faster for a certain time. The tempo- 
rary speed difference between the two cars is equalized by com- 
pression of the draft gears as the second car overtakes the first. 
This condition is repeated between the second and third cars, 
and so on throughout the train. 


Period of Increasing Coupler Pressure 


If in a long train which has no free slack, all the cars have the 
same weight, and all the draft gears offer a resistance proportional 


PEE Gr 


_ particles. 
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TABLE 5 EQUATIONS FOR VALUES OF Pm,* max, Cmin, AND q 
Maximum coupler Maximum car Minimum safe draft- Gear travel gq correspond- 
Peapazaston pressure retardation gear capacity ing to Cmin. 
ratio, p = V/Vi Pm Eq No. @max Eq No. Cmin - Eq No. Qa Eq No. 
2p F3p—1 : il nF Ii \ 2 1 FLy? il 
p> bh 49 eae eee 52 ( *) UL 9 st a 
@rm “l wp Mime ay) one) Vem peti: = 8 
1 nF In\?2 FL? 
=1 F/2 pez 1 nF Ly 
p nF/ [50 ° ws} yg (Se) [56] aaa (59] 
F 1 1 nF In\? FI? 1 
<1 F/2 51 ce = (ae) Lee 
Pp (nF/2)p [51] icy [54] um \4av, {57] 4V2M p [60] 


‘to the amount of compression to which they are subjected, the 
train can be considered as a bar of uniform mass and elastic 
properties. The coupler forces and car retardations, which occur 
in such a train under the influence of external forces such as a 
progressive braking, can be computed from the formulas derived 
in Part 1 fora perfectly elastic bar, with both ends free. 

The formulas in Part 1 were derived under the assumption that 
the external forces acted on a bar at a standstill, accelerating its 

In the case of braking of a long train, however, the 

external forces retard the moving cars. 

Instead of the symbols f;, L, and m, which are used in the vari- 
ous equations for elastic bars, it is convenient to use the corre- 
sponding symbols which express characteristics of a long train. 
These symbols are given in Equations [39] to [44], inclusive. 


Fim RIDE a ans [39] 
AL RE Ie id [40] 
Ey Tass Or, eae [41] 
Tees Digits asd ehh anh Sam [42] 

ye A 9 VT her NR Ri: [43] 

Ry = V(mk) = us ae hae [44] 


k = stiffness constant 


The stiffness constant is the force required to stretch a bar 
twice its original length. 

The force required to stretch a car and its two draft gears the 
length 2q is equal to the ultimate reaction of the gears. Assum- 
ing a straight compression line, beginning at zero, the force 2C/q 
will stretch the car the amount 2¢ and the stiffness constant 


SF NS | oie 0) Yee 600 covey ede: 


The pressure-propagation speed V can be expressed by sub- 
stituting in Equation [1] the value of k and m as given in Equa- 
tions [45] and [41], respectively. 
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The value of the draft-gear travel q should include the strain 
of one coupler shank plus the strain in one-half the length of a cen- 
ter sill when subjected to the force P. The corresponding po- 
tential energy should be included in the value of the draft-gear 
capacity C, so as to take into account the combined elastic action 
of the car bodies and the draft gears. 

If solid steel blocks were used as connections between the 
couplers and the center sills of the car bodies, the whole train 
would act as a solid steel bar, and a retarding force acting on the 
first car would be transmitted through the whole length of the 
train at a speed of 16,800 fps. This speed is over 15 times as fast 
as the speed of sound in air, 1080 fps. The rate of brake applica- 


tion on the other hand depends on the travel of air pressure from 
one car to another and therefore cannot under any circumstances 
exceed the speed of sound. On the average freight train in the 
type-K brakes the rate of emergency brake application amounts 
to about 620 fps, but in trains with the new type-AB brakes, the 
rate of propagation of emergency application amounts to 960 
fps. The use of conventional draft gears decreases the pressure- 
transmission speed from 16,800 fps to values in the neighborhood 
of the rate of brake application of the average freight train. 

Applying the formulas given in Part 1 to brake action in a long 
train, it will be noted that the propagation ratio p is an important 
factor in determining coupler forces and car accelerations occur- 
ring ina long train. Substituting the value of V from Equation 
[46] in the propagation ratio p = V/Vi 


pia a! in c [47 
p= V, We om ] 
Bebe os a fits [48] 

q aN a |e 


The substitution of Fn, the equivalent of fil, Equation [40], 
in line 2 of Table 3, gives Equations [49], [50], and [51] for cases 
1, 2, and 3. The substitution of F/M, the equivalent of fi/m, 
Equation [43], in line 8 of Table 3, gives Equations [52], [53], 
and [54] listed in Table 5. 

The minimum safe draft-gear capacity, always assuming a 
straight compression line, beginning at zero, can be expressed 


Chin 
Pa 


Pnq/2 
26 ria/d 


or 


Substituting in this equation the value of P,, from Equations 
[49], [50], and [51] and the value of g from Equation [48], Equa- 
tions [55], [56], and [57] are obtained. These equations are 
listed in Table 5. The gear travel g corresponding to Cimin is ob- 
tained by the substitution of the value of Cmin from Equations 
[55], [56], and [57] for C in Equation [48]. 

The maximum coupler pressure P,,, the maximum car retarda- 
tion dmax, the minimum draft-gear capacity Cmin, and the cor- 
responding gear travel g are expressed by Equations [49] to [60], 
inclusive. The equation to use depends on whether the propaga- 
tion ratio is greater than, equal to, or smaller than unity. These 
equations, listed in Table 5, are based on the assumption that the 
draft gears are powerful enough to cushion elastically all occurring 
coupler forces. If the gears go solid during the passing of the 
pressure wave the latter will be disturbed and the coupler forces 
will increase about twice as fast as they would otherwise. 

Example. A freight train of 150 seventy-ton cars is subjected 
to emergency braking from the front end of the train. Other 
conditions of the problem are as follows: 


Weight of car, empty........-++-+-- 50,000 lb 
Weight of car, loaded..........----- 210,000 lb 
Length between coupler faces........ 50 ft 
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60% of light weight 
Brake pressuvereseiee eee ee cages 


30,000 Ib 


Coefficient of friction: ».se-% 2.2. 5 i0ss 25 per cent 

: 0.25 X 30,000 Ib 
Braking lorcet cr. ney omctorl i. 7500 Ib 
Rate of emergency brake application. 930 fps 


From the conditions of the problem it is observed that n = 150, 
F = 7500 lb, Vi; = 930 fps, Z: = 50 ft, @ = 1550 for empty cars, 
and M = 6500 for loaded cars. 

The values of P,,,, Gmax, Cmin, and q can be computed for vari- 
ous propagation ratios for empty and loaded cars from Equa- 


tions [49] to [60], inclusive. Sets of values of these quantities, 
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corresponding to various values of p, can be plotted against any 
one of them as the independent variable. 

Using the length of travel as the independent variable, the 
curves for the empty train have been plotted in Fig. 36 and those 
for the fully loaded train in Fig. 37. Fig. 38 is a composite dia- 
gram'made up from Figs. 36 and 37 and also shows the maximum 
values P,,, Gmaxy Cmin, and q for intermediate or partial train 
loadings. 

Fig. 36 shows that if the gears shall not go solid during emer- 
gency braking of the 150 empty cars, the gear capacity and the 
gear reaction must not fall below certain minimum limits repre- 
sented by the curves. The gear-capacity curve shows that the 
minimum required gear capacity increases with increasing gear 
travel, practically along a straight line beginning at zero up to a 
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capacity of about 147,000 ft-lb. A draft gear must have this 
capacity if its travel is 65/15 in. and it shall not go solid during 
emergency braking of the empty train. A travel increase above 
65/,. in. does not cause any further increase of the minimum gear 
capacity. 

If, however, the gear capacity is limited to, say, 30,000 ft-lb, 
corresponding to a gear travel of 17/15 in., a longer gear travel will 
cause the gears to go solid during an emergency brake applica- 
tion of an empty train of 150 cars. A gear of the standard AAR 
travel of 2°/s in. would, according to Fig. 35, need a capacity of 
60,000 ft-lb to prevent it from going solid in such service. 

The gear-reaction curve in Fig. 35 shows that the gear reactions 
increase very rapidly with increasing gear travel, reaching a value 
of about 540,000 lb at the standard AAR travel of 25/3 in. and its 
maximum value of 562,500 lb at the gear travel of 65/;, in. Be- 
yond this travel the maximum occurring gear reaction decreases 
rapidly. The maximum value of the gear reaction is obtained 
when the value of p in either one of Equations [49] or [51] is 
equal to unity. In that case they both take the form of Equation 
[50], Pm = nF/2. The value of P» in this equation depends 
only on the number of cars n and the retarding force acting on 
each car. This gear reaction is the same for empty, partially 
loaded, and fully loaded cars and is equal to one-half the retard- 
ing force of the whole train or 562,500 Ib. In order to cushion 
this force a draft gear should have an ultimate yielding resistance 
which would exceed this figure. 

However, it is permissible to reduce this figure by an amount 
about equal to the initial resistance of the gear. Up to the 
amount of this latter resistance the gear has a very high spring 
constant and the corresponding force will be transmitted through 
the train theoretically at the same speed as through a solid steel 
bar, or at about 17,000 fps. The effect on the coupler pressures 
is assumed to be somewhat similar to that when only a part of the 
full air pressure is admitted to the brake cylinders for a short 
period, as is done in the new type-AB brake. A coupler force 
about equal to the amount of the initial gear compression will 
very rapidly equalize part of the speed difference of the front and 
rear cars and the final coupler pressure will decrease a correspond- 
ing amount. A gear of 100,000-Ib initial and 500,000-Ib ultimate 
reaction will thus be approximately equivalent to a gear with no 
initial and 600,000-lb final reaction. It will be superior in the 
respect that it keeps the maximum coupler pressure lower. 

The car-retardation curve in Fig. 36 shows that the maximum 
car retardation during an emergency brake application of an 
empty train will gradually increase with increasing gear travel, at 
first slowly, reaching the comparatively harmless value of about 
11 ft per sec per sec at the standard AAR gear travel of 25/s in., 
then faster and faster until it reaches a theoretically infinite value 
at a gear travel of 6°/:5in. In practice this value will be limited 
to the retardation produced by the maximum gear reaction of 
562,500 Ib acting on the mass of one empty car, weighing 50,000 
Ib (corresponding to a mass of 1550). This retardation amounts 
to 562,500/1550 = 363 ft per sec per sec, or more than ten times 
gravity, which of course is very high. 

Fig. 37 shows the corresponding curves for fully loaded ears. 
The minimum required gear capacity increases practically pro- 
portionally to the gear travel until the latter reaches the critical 
value of 11/2 in. after which the gear capacity remains constant 
at the value of about 35,000 ft-lb. At a gear travel of 1.2 in. 
the required gear capacity amounts to about 28,000 ft-lb. At 
the standard AAR gear travel of 25/s in. the required gear ca- 
pacity amounts of course to the previously given value of about 
35,000 ft-lb. The curve showing the gear reaction is similar to 
that for empty cars, but reaches the same maximum of 562,500 
Ib at a gear travel of only 11/2 in. For longer gear travels, the 
gear reaction decreases rapidly as shown by the curve. 
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Fig. 37 shows that the maximum occurring car retardation for 
loaded cars increases at first slowly with increasing gear travel 
but rises rapidly as the gear travel approaches 11/2 in. at which 
point the retardation is equal to the maximum gear reaction of 
562,500 lb acting on the mass of the fully-loaded car or 562,500/ 
6500 = 86.5 ft per sec per sec, which retardation is nearly three 
times the acceleration of gravity and undesirably high. 

Fig. 38 shows the superimposed curves of Figs. 36 and 37. 
The inclined line, representing the minimum gear capacity for 
intermediate loads, shows that for every gear travel between 
1!/, in. and 65/,¢ in. there is a partial loading at which the mini- 
* mum required gear capacity will reach the values indicated by the 
inclined line. For the standard AAR gear travel of 25/s in., the 
required minimum gear capacity will, for about 43 per cent partial 
loading, amount to about 60,000 ft-lb. 

The maximum gear reaction for intermediate loads, repre- 
sented in Fig. 38 by the horizontal line at the load of 562,500 lb, 
shows that for every gear travel between 1?/2 in. and 65/1¢ in. 
there is some partial-loading condition at which this reaction 
will be reached. 

The maximum car retardation for intermediate loads is repre- 
sented in Fig. 38 by an inclined line marked accordingly and 
extending from the value of 86.5 for fully loaded cars at 11/2 in. 
gear travel to the value of 363 ft per sec per sec for empty cars 
at a gear travel of 65/:,in. It will be noted that the maximum 
car retardation increases in direct proportion to the gear travel 
between the previously given values of the latter. Below the 
gear travel of 11/, in. the maximum car retardation drops rapidly. 

For the standard AAR gear travel of 25/s; in. and assuming that 
the proper gear capacity of 60,000 ft-lb were available, the maxi- 
mum car acceleration would, for about 43 per cent partial load- 
ing, reach the value of 150 ft per sec per sec which approaches 
five times the acceleration of gravity and is undoubtedly high, 
even though it would act only for a very short time. 


Special Cases of Braking of a Bunched Train 


The formulas in Table 5 are based on the action of an elastic 
bar with both ends free. They apply to trains with fairly uni- 
formly distributed loads and with brakes gradually applying to 
all cars of the train. The greatest possibly occurring coupler 
pressure in such trains is expressed by Equation (50]. 

(a) Partial Brake Application. With the type-K air brake, the 
one in general use on American railroads, the brakes apply only to 
the first 70 or 80 cars, or to about the first half of a long train of 
150 cars. The question whether under such partial brake appli- 
cation greater coupler pressures will be produced because of the 
running in of the unretarded rear end of the train is answered by 
the previously presented investigation of partial force applica- 
tions to elastic bars. It is shown that while the maximum oc- 
curring coupler pressure may be displaced to any point within the 
rear half of the train, its magnitude will not increase above the 
value given by Equation [50] as long as the wave resistance of the 
train is uniform. 

(b) Uneven Load Distribution. If a group of fully loaded cars 
is placed at the rear end of a long train of empties and emer- 
gency braking is applied from the front end of the train, the 
coupler pressures will materially increase at the rear end, causing 
the draft gears to go solid. The wave resistance of this train may 
reach such high values that the pressure distribution will approach 
that represented by Case 24, line 2, in Table 3. In that case 
the coupler pressure increases to four times that given by Equa- 
tion [50]. The subsequently produced coupler tensions will not 
be increased above those occurring in case of uniform load dis- 
tribution, as shown in Table 3, line 5. 

If the group of loaded cars were placed at the front end of the 
train, the condition represented by Case 2B would be approached 
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and no increase in the coupler pressures would be produced. 
The subsequently produced coupler tensions would, however, 
according to Table 3, line 5, be four times as large as in the case of 
uniform load distribution, if the draft gears had 100 per cent 
recoil. 

If the group of fully loaded cars were evenly divided between 
the front and rear ends of the long train of empty cars, the worst 
conditions would be represented by Case 2C and the maximum 
occurring coupler pressures and tensions might, according to lines 
2 and 5 of Table 3, approach twice those in case of uniform load 
distribution. 

These considerations illustrate the importance of a fairly uni- 
form distribution of the load of a train over its whole length and 
indicate that load concentrations toward the ends of the train are 
particularly undesirable. 


(B) BRaxkine or A StRETcHED TRAIN (WITH FREE SLAcK) 


The free slack between coupled cars is measured by the amount 
of relative car movement which is obtainable with no change in 
the position of the various elements which make up the cushioning 
device. 

All new cars, irrespective of draft-gear design, are subject to 
about the same amount of free slack when standard coupler 
specifications are followed. On such cars the free slack is about 
7/, in. per car, but it increases as a result of wear in service and 
permanent deformation of couplers, attachment, and draft gears. 

When the free slack of a train is taken up under the influence 
of a brake application, the occurring impacts will close the draft 
gears to a certain extent, thus producing an additional approach 
between impacting cars, which is called the controlled slack. 
The total slack of a train consists thus of the free and the con- 
trolled slack. 

If all the slack is controlled, the train is bunched and the 
preceding analysis applies to the brake action on such a train. 

In case the cars are separated by a certain amount of free 
slack, the principle of the elastic bar should be applied with the 
understanding that the take-up of the slack will produce car im- 
pacts, not expressed in the preceding equations for coupler pres- 
sures. 

Because of the time interval between the application of the 
brakes on adjacent cars, the front cars will first begin to retard 
and the free slack between the cars will gradually be taken up, 
beginning at the front end of the train. If a train has free slack it 
will, when subjected to braking from the front end, begin to 
bunch at that end. The rear end of the bunched portion will al- 
ways be free and any coupler pressure which reaches the cars at 
this point will be reflected, changing its sign. The coupler forces 
actually generated in the bunched portion of the train will be 
smaller than in a train without free slack, where the coupler forces 
continually increase even after the wave reaches the free rear end 
of the train. If the free slack is too great the impact between the 
bunched portion of the train and the individual cars, separated 
by free slack, may however become so violent as to cause momen- 
tary excessive coupler pressures. 

It will be assumed in the following that each car which impacts 
the bunched part assumes the speed of the latter, without re- 
bound. 

Referring to Fig. 39, the circles 1 to 12, inclusive, denote rail- 
way cars, counted from the front end of a moving train, which 
cars are separated by supposedly equal amounts of free slack s; 
per car. The braking forces of F lb per car gradually applied to 
these cars, beginning at the first car and progressing in the 
direction of the rising numbers, retard the originally uniform 
movement of the cars. The horizontal or z-axis represents the 
time, counted from the application of the brakes to the first car. 
The vertical or y-axis represents the train slack. The tangent 
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of the angle which the straight line OA forms with the x-axis is a 
measure of the brake-propagation speed V;. The length of the 
horizontal dashed line between the car number on the vertical 
axis and the straight line OA represents the delay of brake ap- 
plication to the individual car after the brakes have been applied 
to the first car. 

When the braking force F is applied to the first car of a long 
train moving at a uniform speed it will subject the car to a re- 
tardation a. The movement of the retarded car in relation to the 


RELATIVE 
ope MOVEMENT 


---+-- 


1S TIME X 


as yet unretarded part of the train is represented by the curve 
OD in Fig. 39 and may be expressed by the equation 


representing a parabola with its apex in the point O. 
The speed lost by the car is expressed by the derivation 


After the time t, or the interval between the applications of the 
brake to adjacent cars, the first car will have suffered the loss of 
speed at;. From then on both ears will be retarded at the same 
rate a and will impact at the relative speed 


This impact speed is independent of the amount of slack be- 
tween the cars, provided the slack is sufficient to allow the braking 
force to apply to the second car before the latter is struck by the 
first car. 

As the draft gears are assumed to have a liberal amount of ab- 
sorption, any impact of one car with a string of several cars will 
cause them all to take the same speed and they will move on to- 
gether in a bunched group. The speed of this group will at any 
time be represented by the slope of the curved line ODEFA in 
Fig. 39. This group of retarded cars strikes the also retarded in- 
dividual cars in points D, #, and F until the curve reaches its 
point of intersection with the inclined line OA at A, at which 
point the take-up of the slack catches up with, and passes be- 
yond, the brake application. Beyond that point the group of 
retarded cars will strike only unretarded ones. The coordinates 
of the point A are 2, and y. The nature of the curve changes at 
this point and the part ODEFA for which x < a and the part 
beyond the point A for which « > x will therefore be analyzed 
separately. 

(a) « < a. Consider first the part of the braking action 
represented by the curve ODEF A, or before the slack take-up has 
reached the point of brake application. At any time x during 
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this period, the group of retarded cars will have a total mass of 
M(«/t,) and since they have been retarded during the time x by 
an average force of !/2Fx/t; their average loss in speed c, can be 
computed from the momentum equation 


z 
M-c, = oF = x 
t th 


1 


Therefore, for all values of « < x 


The brakes apply to car number (x/t: + 1) at the time z, and it 
begins to retard. Before this car collides with the others, the 
latter have formed a group moving in unison, and the retardation 
of all braked cars is uniform. Therefore, the collision takes 
place at the impact speed c, given in Equation [65]. 

At all times the braked cars have suffered an average loss of 
speed of c,. The corresponding loss in travel of all braked cars 
during any time element would therefore be equal to the number 
of cars braked during time element times their average loss in 
speed c, times the duration of the time interval. 


Let Y = loss in travel of all braked cars at the time z. Then 
dY x Fx? 
—_ d: — = d: 
de Toute POAT Siri 


or after integration 


Y= 6Mi, x® + constant 
The integration constant is 0 since for z = 0, Y must also be equal 
to zero. Therefore 
F 
8 ae ein ee eg 66 
6Mt [66] 


The coordinates 21, y: of the point A should satisfy Equation 
[66] and also be located on line OA, Fig. 39. For this point 
therefore 


From the preceding three equations 2; and yi may be determined. 
Accordingly 


The number 7 of the car at which point A is located may be 
computed as 


(b) xz >a. Beyond the point A in Fig. 39, the coordinates 
of which are 2; and y, the group of retarded cars will strike only 
unretarded cars. Assume that the point A has been passed and 
that the bunched group, consisting of cars 1 to 10 inclusive, is 
moving along the line GH striking the, as yet, unretarded car 11 
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at the point H on the curve x, y. The equation for the curve z, y 
beyond the point A can be determined as follows: 

The loss in momentum of the bunched cars at the time x can be 
expressed either as the product of the mass of the group of cars by 
their loss in speed, or as the product of the average retarding 


force by the time during which it has been acting. Hence 
ae 
81 ty Be 


which becomes, after integration 


, Fs; 23 
y= u ‘Ss 3 + constant 
al 


By substituting in this equation, the values of 2 and y: from 
Equation [67], the integration constant is found to be zero. 


Therefore 
Be \ Fs, 2° 
2 Mt 3 
A ha eed ee 3 [70] 
\ 3M ty? 
or a 
Fs, 
CAR 10 i 
IMPACT 
SPEED 9 
CARS EMPTY: 
reer ° Pr arama any 
PER 7 18 
SECOND we 
6 2 eel Gea > Fal a 
5 —— i ace 
4 eee | 
~ZLCARS LOADED 
3 Lae = “Ve —F 1 
z EE : 
1} Ast4 - 
2 Tell Se 50 100 150 
NUMBER OF CAR FROM FRONT ENO OF TRAIN 
FIG.40 
Substituting the value of w from Equation [70] in Equation [69] 


and solving for dy/dx 


For the car number n the value of y = (n — 1)s: and therefore 


3 
ve be 9 Fs? (n— 1) 
Cai Cmax = \(° Mh 4 an Sieh ey en een [72] 


or if L:/V; is substituted for t; in Equation [72] and it is solved 
for 81 


8M1y 


uel \(; FVi(n — 1) 


If the slack s; per car is known, the corresponding maximum car 
impact speed for a train of a certain number of cars of known 
mass can be computed by using Equation [72]. If the permis- 
sible car impact speed is known, the maximum permissible 
slack can be computed from Equation [73]. 

Example. Assuming a draft-gear recoil of not over 50 per cent, 
it is required to determine the impact speeds between adjacent 
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cars in a 150-car train, each car weighing 50,000 lb empty and 
210,000 Ib loaded, and having an average of 4 in. of slack be- 
tween adjacent cars. It is given that the emergency braking 
rate is 7500 lb and that it is applied at the front end of the train 
at a propagation speed of 600 fps. The length of cars between 
pulling faces of the couplers is 50 ft. 

From the preceding discussion it is found that M = 1550 for 
empty cars and 6550 for loaded cars, L = 50 ft, F = 7500 lb per 
car, Vi = 600 fps, tr = 0.0833 sec, s1 = 0.333 ft, and F/M = 4.84 
for empty cars and 1.154 for loaded cars. 

Referring to Fig. 39, the coordinates #; and y; for point A are 
given by Equation [67]. The value of 7 = 2.48 sec for empty 
cars and 10.4 sec for loaded cars. According to Equation [68], 
m, = 31 for empty cars and 126 for loaded cars. 

The corresponding value of the impact speed is computed from 
Equation [65] for all values of 7 <a. For « = a, the impact 
speed cz = (F/2M)x = 6 fps for loaded as well as for empty cars. 
The impact speed gradually increases from zero to this value, 
which is reached at car 7. 

For values of > 2, the impact speed is given by Equation 
[71] which shows that cz is a parabolic curve, the maximum value 
of which is expressed by Equation [72]. Therefore, for n = 150 


Cmax 


= 1.938 ¥/(n — 1) = 10.3 fps for empty cars, and 


Cmax = 1.200 \/(n — 1) = 6.38 fps for loaded cars. 


The values of Cmax for all values of n up to 150 are plotted for 
empty and loaded ears in Fig. 40. 


(C) Srarrine or A STRETCHED TRAIN 


The action of a locomotive in starting a stretched train corre- 
sponds to that of a constant pulling force P;, acting at the end of 
The frictional resistance, opposing the motion of 


an elastic bar. 


FIG. 41A 


FIG.42A 


each car, corresponds to a gradually applied and uniformly 
distributed force, acting in the direction opposite to the motion 
and applying to each car at the moment the car begins to move. 
The rate of force application is therefore equal to that of pressure 
transmission, and the propagation ratio of the frictional force 
is equal to unity. The action of these forces is represented by 
Case 2, as given in Table 3. 

Referring to Fig. 41, the pressure diagram created by the loco- 
motive drawbar pull P, would, acting alone and after passing 
through the intermediate shapes AB’D,/C and AB"D,"C, take the 
shape of the rectangle ABD,C. The pressure diagram created 
by the friction forces, acting alone, would, after passing through 
the intermediate shapes AB’B,’ and AB’B,", take the shape of 
the triangle ABB,. Superimposing these two diagrams, the 
resultant diagram, after passing through the intermediate shapes 
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AB'D’C and AB"D'C, takes the shape of the quadrangle ABDC 
at the end of the first period. 

Referring to Fig. 414, the speed diagram created by the draw- 
bar pull P;, acting alone, would, after passing through the inter- 
mediate shapes AB’D,'C and AB"D,"C, take the shape of the 
rectangle ABD,C. The speed diagram created by the friction 
forces, would, after passing through the intermediate shapes 
AB’B,'A,' and AB"B,"A,", take the shape of the rectangle 
ABB,A,. Superimposing these two diagrams, the resulting 
speed diagram would, after passing through the intermediate 
shapes AB’D'E’ and AB"D'E", take the shape of the rectangle 
ABDE at the end of the first period. 

If the locomotive drawbar pull P; were acting alone, the pres- 
sure diagram, Fig. 42 (a reproduction of the pressure diagram in 
Fig. 41), would, at the beginning of the second period, have the 
shape of the rectangle ABD,C and would, after passing through 
the intermediate shapes AB”D,"C and AB’D,’C, vanish in the 
vertical AC at the end of the period. 

If the frictional forces were acting alone, the pressure diagram 
ABB, would, after passing through the intermediate shapes 
BF’B,"A and BF’B,’A, take the shape of the triangle ABF at the 
end of the second period. Superimposing these diagrams, the 
resultant pressure diagram will, after passing through the inter- 
mediate shapes ABF”D’C and ABF'D’C, take the shape of the 
triangle ABF, in which BF is parallel with AB,. 

Referring to Fig. 42A, the speed diagram which would have 
been created by the locomotive drawbar pull Pz acting alone, 
and which at the end of the first period was represented by the 


‘Ds 
FIG.43A 


rectangle ABD,C taken from Fig. 41A, would, after passing 
through intermediate shapes ABD2D2"D,"C and ABD2D2'Dy'C, 
take the shape of the rectangle ABD2D; at the end of the sec- 
ond period, CD; being equal to AC. The frictional forces, acting 
alone, would, at the beginning of the second period, have created 
the speed diagram AA,B,B taken from Fig. 41A. This diagram, 
after passing through the intermediate shapes ABF,’F"B,"F,” 
and ABF,’F’B,'F2’, would, at the end of the second period, have 
taken the shape of the rectangle ABF,F. Superimposing the 
speed diagrams created by the drawbar pull and the frictional 
forces, it will be seen that the resultant speed diagram, which at 
the beginning of the second period had the form ABDE, takes the 
shape of the rectangle ABG,G@ at the end of the second period 
after passing through the intermediate shapes ABG;"@’F,"F 2” 
and ABD,D, 'Fy' Fy’. 

During the third period the pressure diagram shown in Fig. 43 
will, after passing back through the intermediate shapes ABF’D’C 
and ABF”D’C, again take the shape of the quadrangle ABDC. 
Period 4 will be the same as Period 2, Period 5 the same as Period 
3, and so on. 

Referring to Fig. 43A, the speed diagram which would have 
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been created by the locomotive drawbar pull acting alone had, at 
the beginning of the third period, the shape of the rectangle 
ABDoK,;. After passing through the intermediate shapes 
ABD»D2'D3'Ds and ABD2D2"D3"D4, this diagram would have 
taken the shape of the rectangle ABDs;D, at the end of the third 
period, D2D; being equal to AC in Fig. 424. 

The rectangle ABF,F in Fig. 48A which has been taken from 
Fig. 42A, represents the speed diagram which, at the end of the 
second period, would have been created by the frictional forces, 
acting alone. These forces would, during the third period and 
still acting alone, produce the speed diagrams ABP ;’Gs’H,’F4’ 
and ABF;"G)"H,"F4", followed by the rectangular shaped dia- 
gram ABGF, at the end of the third period. Superimposing 
the speed diagrams in Fig. 434A, which would have been created 
by the drawbar pull and the frictional forces, the resultant speed 
diagram, which at the beginning of the third period had the shape 
ABGG, taken from Fig. 424, will take the shape of the rectangle 
ABLK at the end of the third period after passing through the 
intermediate shapes ABF;’/G3'H2'K’ and ABF;"G3"H2"K". 

Referring to Fig. 42, AC represents the drawbar pull Py of the 
locomotive. The vertical BB, is, according to Table 3, Case 2, for 
an elastic bar, equal to '/2f,L. By substituting the correspond- 
ing constants for a train of n cars, each car being subjected to a 
frictional resistance of fy lb, it is found that this force is equal to 
1/.fn. The other forces in the diagram can be computed from the 
geometrical relationship to these two quantities. The force BD, 
acting at the end B of the bar, at the end of the first period, can 
therefore be expressed as 


P= P,— U/ofon ah) adel eheheie) sae! ely. biettal eae [74] 


Referring to Fig. 414, the wave resistance of the train should 
be known in order to compute the car speed corresponding to the 
pressures in the preceding paragraph. Then the car speed AC in 
Fig. 41A can, according to Equation [2], be expressed as 


c =f/VW (mk) = P,/R, = Prg/V(CM)....... [75] 


The starting speed of the last car, represented by the vertical 
BD in Fig. 41A, can be expressed as 


1 
0. oe “Vafn) = (Pr — '/afan). . [76] 


qd 
/ (CM) 

The other forces and speeds in all these diagrams can be com- 
puted from their geometrical relationship to those given in the 
preceding equations. 

Example. A locomotive, exerting a drawbar pull Px of 80,000 
lb is hauling a train of 150 cars which weigh 50,000 Ib empty and 
210,000 Ib loaded. The frictional resistance equals 18 lb per ton. 
Therefore, fo = 450 lb for an empty car and 1890 Ib for a loaded 
car. The draft-gear travel is 0.22 ft, and the draft-gear capacity 
is 18,000 ft-lb. 

It is desired to know the speed which the train has acquired 
at the time the tension and speed waves reach the end of the train 
and also the force which starts the last car. 

The mass M of an empty car = 1550 lb, while for a loaded 
car M = 6500. The wave resistance of the train R, = 
+/ (18,000 X 1550) 


0.22 
V/ (18,000 X 6500) 


0.22 


= 24,000 lb per ft per sec for an empty train 


and = = 49,150 lb per ft per see for a loaded 


train. 

The pull starting the last car, represented by the vertical BD in 
Fig. 42, is, according to Equation [74], (Pz — '/sfzn) = 80,000 — 
1/, < 450 X 150 = 46,250 lb for a train of empty cars. For 
a train of loaded cars (Py — }/2fon) = 80,000 — 1/2 X 1890 X 
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150 = —62,000 Ib, the negative value showing that the drawbar 
pull of 80,000 lb is insufficient to start the stretched loaded train. 

The train speed acquired at the time the tension wave reaches 
the last car of the empty train isc, = (1/R,)(Pz — '/2fun) = 
46,250/24,000 = 1.93 fps. 


(D) Srarrine or A Buncuep Train (With FREE SLACK) 


The method used in analyzing the braking of a train with free 
slack can also be applied to this problem. 

Any train with draft gears of low or moderate recoil will form 
a group of all started cars, and the latter will be assumed to move 
as a unit as they pick up, one by one, the cars which are standing 
still. The work performed by the locomotive as measured at the 
drawbar is, during the starting period of the train, mainly used 
(1) to accelerate the cars from a standstill, and (2) to overcome 
the frictional resistance of the cars during this period. 

Assume that the first (n — 1) cars have attained a uniform 
speed c, at the time the last car is suddenly brought up to this 
speed from a standstill. The draft gears between the last two 
cars will in that case be subjected to an impact not exceeding 
that of a car moving at the speed c, and suddenly stopped against 
a bumping post, the impact being taken up by two series-con- 
nected gears. 

Therefore, the speed c, can with fair accuracy be determined 
from the equation 
(n — 1)M : (n — 1) 


; eee tae [77] 


Solving this equation for c, 


PL sin = 


The minimum capacity of the draft gear Cmin which will take 
up the impact of a car with a speed of ca, two gears being con- 
nected in series, is expressed by the equation 


M 
2Cnin = a Cn? + fo81 
Si n n 2 
mins Pa fi ee ee 
or 6} 5 (. Svcipees fe ) [79] 


Example. Assume that the train in the preceding example 
had a total slack of 100 ft distributed over the 150 cars, or s; = 
0.667 ft. The speed at which the stretched train would pick up 
the last car, expressed by Equation [78], is 


0.667 150 
= 4] ee" (2 x 80,000 x — — 150 x 450 
i (3 ( Sey 140 “ )| 


= 6.35 fps for the train of empty cars. 


For loaded cars, this formula gives a negative value, indicating 
that the locomotive is not powerful enough to start such a train, 
regardless of the amount of free slack. In practice an increase in 
slack will decrease the frictional resistance of the cars and thus 
facilitate starting. 

The minimum draft-gear capacity required to prevent the gears 
from going solid when starting the empty train with 100 ft of 
slack is, according to Equation [79] 


min 


0.667 [149 148 
= — "(== x 80,000 — 450 x — } = 15,700 ft-lb 
2 (18 “ =) 
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NOMENCLATURE 


= acceleration or retardation of particles of an 
elastic bar, ft per sec per sec 

= acceleration or retardation of cars in a long 
train in ft per sec per sec 

C = capacity of one draft gear (plus that of one- 
half car body), ft-lb 

= speed, or loss of speed, of particles in an elas- 
tie bar, fps 

Cu CINCrn Cuma nCn | = speed or loss of speed of cars in a long train, 

F 


QA, Ay, Az, A3, 4 


fps 

= relative impact speed between cars, fps 

= retarding force per car during emergency 
braking, lb 


f = external force applied to an elastic bar, lb 
f’, f = longitudinal compression or tension occurring 
in an elastic bar 
fi = external force applied per foot of an elastic 


bar, lb 
= pressure transmitted in an elastic bar after a 
change in wave resistance, lb 
fo = average frictional resistance per car during 
the starting of along train, lb 
= stiffness constant or modulus of elasticity of 
the material of an elastic bar in lb per sq in. 
multiplied by its cross-sectional area, lb 
k, ky 5 = (i/@?)C = stiffness constant of a long train, 
corresponding to that of an elastic bar and 
thus equal to the force required to stretch it 
to twice its length, lb 
L = length of an elastic bar, ft 
L; = length of one car between pulling faces of 
couplers, ft 
= distance from the front end of an elastic bar 
at which the pressure P occurs, ft 
d | = the length to which a uniformly distributed 


external force applies, ft 

1, = distance from the front end of an elastic bar 
at which the pressure P; occurs, ft (Case 1, 
Period 1) 

l, = distance from the front end of an elastic bar 
at which the pressure P2 occurs, ft (Case 1, 
Period 2) 

1; = distance from the front end of an elastic bar 
at which the pressure P; occurs, ft (Case 1, 
Period 3) 

l, = length of the greatest part of an elastic bar to 
which a uniformly distributed external force 
may apply and still produce the maximum 
pressure which the force, acting over the 
length 1, can possibly create, regardless of the 
length of the bar, ft 

ls = distance from front end of an elastic bar, at 
which the pressure Ps occurs, ft (Case 3, 
Period 2) 

M = mass per car 
m, m, = mass per ft length of an elastic bar, or mass 
per ft length of a long train (= M/Iy) 

nm = number of cars in train 

m, = number of cars from front of train at which 
the slack take-up reaches and passes beyond 
the brake application 
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Py 
P3 


Ps 


Ps 
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longitudinal compression or tension in an 
elastic bar, lb 

coupler pressure or tension in a long train, lb 
maximum occurring internal bar pressure at 
end of Case 1, Period 1, lb 

maximum occurring internal bar pressure at 
end of Case 1, Period 2, Ib 

maximum occurring internal bar pressure at 
end of Case 1, Period 3, lb 

maximum internal bar pressure produced 
by external forces, applied over part ly of 
the bar (for p > 1), lb 

maximum obtainable internal bar pressure 
with uniformly applied external forces in 
bar with both ends free, lb 

maximum internal bar pressure at end of 
Case 3, Period 2, lb 

maximum internal pressure in an elastic 
bar, lb 

drawhbar-pull of a locomotive, lb 

propagation ratio = V/V, 

momentum of moving particles of a bar 


q = travel of a draft gear plus compression of one- 
half of the car body, ft 


Rese Ran 


ry 


Y1 


wave resistance of a bar, lb per ft per sec 
wave resistance of a long train, lb per ft per 
sec 

/ (mk) /+/ (mk) ratio of the wave resistances 
of two parts of an elastic bar 

average slack per car, ft 

time intervals, sec 

speed of pressure transmission in elastic bars, 
ft per sec, or 

speed of pressure transmission in long trains, 
ft per sec 

rate of external force application in an elas- 
tic bar, ft per sec 

rate of brake application in a long train, ft 
per sec 

time elapsed since brakes applied on car 1, see 
value of # when brakes apply on car m1, sec 
loss in travel of all braked cars at time a, ft 
slack take-up at the time 2, ft 

value of y when brakes apply on car 7 


Locomotive Tractive Effort in Relation 


to Speed and Steam Supply 


By E. G. YOUNG,! URBANA, ILL., anv C. P. PEI,2 CHAMPAIGN, ILL. 


The problem of estimating with reasonable accuracy 
the amount of tractive force exerted by a locomotive at 
running speeds enters every tonnage rating, economy 
study, and locomotive-operating investigation. Its im- 
portance is recognized, and many investigators have ap- 
proached a rational solution by determining the hourly 
steam supply and the steam consumption per horsepower- 
hour, and from these the horsepower and tractive force. 
The steam rates assumed have been generally correlated 
with the speed only. Indirectly this requires the defining 
of the resulting speed-tractive-effort relation as “maxi- 
mum tractive effort,” “all-day tractive effort,’ or similar 
terms. This paper points out that the variation of the 
steam rate with the cut-off is of equal importance, but 
that a chart showing the variation of steam rate with the 
two factors, speed and cut-off cannot be used directly to 
obtain horsepower without an additional process. A 


the steam locomotive has focused attention on the old 

problem of the relation between speed and tractive effort, 
and has resulted in some very interesting and important con- 
tributions to its clarification. In previous discussions of the 
problem, two general forms of solution have been offered, of 
which one may be considered as purely empirical, and the other 
semi-rational. 

The empirical solution is found in the various forms of speed- 
factor tables or curves. These, in general, express the tractive 
effort available at any speed in terms of a fraction of the rated 
tractive effort; such tables or curves are obtained by taking the 
averages of the test data for a number of locomotives, either 
singly or arranged in groups. These averages are valid, as a 
means of generalization, only when (1) the conditions of the 
tests are similar and rigorously defined, and (2) the average 
results are derived from tests of similar locomotives. 

It follows that this generalization is only valid as a means of 
predicting the performance of another locomotive when the 
conditions under which it is to be operated correspond with the 
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r NHE current interest in the performance and economy of 


more direct attack is made by (a) estimating the actual 
weight of steam used per revolution in cylinders of various 
sizes, with varying speeds, cut-offs, and working pressure; 
and (0) by correlating the speed, cut-off, and mean effective 
pressure, from which the tractive force corresponding to 
the cylinder horsepower is directly calculated. Each 
relation calculated gives the four values of speed, tractive 
effort, cut-off, and steam consumption for a given operat- 
ing condition, and the calculation of a number of selected 
points results in a chart presenting a set of curves showing 
the tractive effort which may be expected at various speeds 
for specified conditions of boiler output and cut-off. This 
type of chart permits the user to see the economy to be 
expected at any condition within the probable working 
range of the locomotive and to determine the validity of 
any single speed-pull curve, involving a specified program 
of cut-off and boiler output for each speed. 


test conditions from which the average relation between speed 
and tractive effort was obtained. So far as the authors know, 
no such restrictions have ever been placed upon the use of any 
speed-factor method. In general, the relation is developed as 
one between the tractive effort and speed only, ignoring other 
factors that affect the tractive-effort development. 

The type of solution that has been termed semi-rational usually 
proceeds on the basis of determining a horsepower output by 
dividing an estimated boiler evaporation by an anticipated 
steam rate or water rate, and then calculating the tractive effort 
from its relation to the horsepower and speed. An assumed 
firing rate, or boiler output, or tractive effort at a given speed 
may be the starting point from which the other quantities are 
determined. This method is desirable from the standpoint of 
simplicity, but the use of an anticipated water rate is an ex- 
tremely indirect process and a very complicated one if the varia- 
tion of the water rate with both the speed and cut-off, a funda- 
mental fact of locomotive performance, is taken into account. 
Most of the semi-rational processes have made the water rate 
vary with the speed only. 

In most of the methods of estimating tractive effort, either 
empirical or semi-rational, the final relation between the tractive 
effort and speed is represented by a speed-pull curve. This 
representation of tractive effort by a single speed-pull curve 
implies that, at a given speed, the locomotive can be operated 
to exert the amount of tractive effort corresponding to that 
speed as defined by the speed-pull relation, and conversely, for 
a given amount of tractive effort developed, the locomotive can 
attain a speed corresponding to that tractive effort. A further 
implication is that there is only one tractive effort obtainable 
at a given speed, and only one speed attainable at a given tractive 
effort. The absurdity of the latter assumption is clearly in- 
dicated in some of the recent investigations attempting to define 
the tractive effort as maximum tractive effort, performance 
tractive effort, or average tractive effort. These arbitrary de- 
finitions are, at the best, merely expedients of expression but 
do not possess significant meanings. The reasons are quite 
apparent: For a given locomotive, there are at least three sets 
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of maximum tractive efforts, (1) the one limited by the adhesive 
weight of the locomotive, (2) the one based on the maximum 
cylinder output, and (3) still another one based on the maximum 
boiler output. In so far as the performance tractive effort is 
concerned, it is based upon the premise that the locomotive is 
operated in daily service with little variation so that a repre- 
sentative relation between the speed and tractive effort may 
be established for that particular mode of operation. The 
average tractive effort is really a mathematical quantity and it 
is useful only when the deviation of the actual from the average 
tractive effort is within such limits as to give the average tractive 
effort a physical significance. 

A single relation between the tractive effort and speed for 
a given locomotive is thus an inadequate representation of facts. 
These facts can only be represented by taking the major variables 
into account and establishing a series of speed-pull curves on 
bases that can be rigorously defined. The variables for a given 
case may be separated into two distinct classes, which, for the 
present purpose, may be called the physical factors and the 
operating factors. 

When a train is started over a division, the work which the 
locomotive must do at every point is already fixed by the tonnage 
and the inherent resistances of the train, and the speed require- 
ments as known from schedules and train orders, by the profile 
of the road, and also the weather conditions. The locomotive 
assigned to the run will presumably be able to meet the require- 
ments imposed upon it, as far as the capacity is concerned, at 
least, and if the tonnage ratings are well made, with reasonable 
economy as well. To the physica] factors imposed by the train, 
track, and weather, may be added the limitations relating to the 
locomotive itself, its dimensions, proportions, and weight. When 
the crew gets aboard, they have under their control only a certain 
latitude in speed variations, the throttle opening, the cut-off, 
and the firing rate. Eliminating the practice of partial throttle 
operation, because of its inherent inefficiency, there remain 
only four operating variables, namely, speed, cut-off, firing rate 
(or steam supply), and the tractive effort. Of these four factors, 
fixing any two determines the other two, and consequently the 
entire operation of the locomotive, and therein lies the skill of 
the engine crew. Any two of the four operating factors, such 
as firing rate and cut-off, may be shown (as in the following 
paragraphs) to be dependent, if the others are assumed as inde- 
pendent. Hence, the tractive effort-speed relation must be de- 
fined by a family of curves, rather than a single relation. 

The firing rate and cut-off are not independent factors because 
the two are related to each other through the total boiler output 
determined by the firing rate on the one hand, and the total 
steam requirement for the cylinders determined by the cut-off 
and speed on the other hand. Therefore, it follows that, at a 
given speed, the cut-off at which the locomotive may be operated 
is determined by the available steam supply, which is, of course, 
determined by the firing rate. Conversely, the firing rate is 
determined by the steam demand of the cylinders as determined 
by the cut-off and speed. This leads to the conclusion that the 
relation between tractive effort and speed is specifically defined 
only when qualified by the operating factors of firing rate or cut- 
off, or the combination of both. 

Since the firing rate and cut-off are the only factors under 
direct control, either of these may be selected as the starting 
point in a performance analysis. It is the purpose of this paper 
to consider the consumption of steam in locomotive cylinders at 
various speeds and cut-offs, thus determining the steam re- 
quirement. No attempt will be made to relate the steam supply 
to the firing rate since this relationship rightfully belongs to the 
study of boiler performance. With the determination of steam 
requirement and assuming that it can be met by the steam supply 
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from the boiler, it remains to obtain the correlation between the 
steam supply and the mean effective pressure, from which the 
cylinder tractive effort is calculated. The latter is a physically 
non-existent quantity, but it is extremely useful as a basis of 
comparison. The cylinder tractive effort may be defined in 
relation to the proportion of the locomotive by the familiar 
expression 


where 7’ = cylinder tractive effort, lb; p = mean effective pres- 
sure, lb per sq in.; d = diameter of cylinder, in.; s = length of 
stroke, in.; D = diameter of driving wheels, in. The quantity 
d’s/D is constant for any given locomotive and will be designated 
as Z. 

The cylinder horsepower may also be calculated from the mean 
effective pressure as follows: 


ws} 4as N 
12 X 33,000 


where h = cylinder horsepower; a = area of piston, sq in.; 
and N = speed, rpm. ‘The second factor on the right-hand side 
of Equation [2] is constant for any given locomotive and will 
be designated as Y. Equations [1] and [2] apply to conven- 
tional two-cylinder simple locomotives. 

Another useful relation expresses horsepower in terms of 7 
and V, where V is the speed in miles per hour: 
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Many methods of making tractive-effort estimates have been 
proposed which depend on the relation 


where # = hourly evaporation, Ib, and W = water rate in Ib 
perihp-hr. This is, of course, a true relation, but in view of the 
difficulty of estimating W, the process is extremely indirect. 
The fact is well known that at starting, with low speed and 
maximum cut-off, the water rate is high, of the order of 30 lb; 
also that at high speed and short cut-off, minimum values are 
obtained, of the order of 15 lb or lower. It is evident that in 
speeding up a train, the water rate passes through this entire 
range, and several investigators have correlated water rate with 
speed. This process, however, is inadequate, since at the same 
speed, operation at a considerable range of cut-offs is possible, 
depending on the steam supply; but the cut-off is also a factor 
in determining water rate, of equal importance with the speed. 
Sufficient data are now available so that a representative diagram 
can be shown for water rates for locomotives working at about 
200 lb per sq in. boiler pressure. When it is drawn as a surface, 
relating the water rate in pounds per indicated horsepower-hour, 
speed in revolutions per minute, and cut-off in per cent of stroke, 
the shape is as shown in Fig. 1. Water-rate curves are usually 
shown plotted against speed, as represented by the lighter lines 
in Fig. 2. The group of points through which various lines of 
equal cut-offs are drawn in Fig. 2 have been in some investi- 
gations merely enclosed by an area of steam performance, and 
in other cases, a still less valid representation has been made in 
which all values for a given speed are averaged and the average 
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points connected. It is obvious that the average relation will 
depend more on the number of varying combinations of speed 
and cut-off than upon the specific results. 

If a relation between speed and water rate, independent of 
cut-off, is assumed, such a relation will cut across the curves in 

Fig. 2, as shown by the heavy line XY. Many such relations 
have been assumed, each correct in itself, provided the loco- 
motive is operated through the program of combinations of 
speed and cut-off upon which the water-rate relation is based. 
But the forecasting of such a program as a generalization can 
only be a matter of opinion, and the actual results in any given 
case will be closely related to the method of operation governed 
by the variations in operating conditions. The suggestion of 
a definite and precise correlation between speed and cut-off is 
open to the same criticism as applied to the single-line repre- 
sentation between speed and tractive-effort relationship. 

If any fixed curve XY in Fig. 2 is to be discounted as an un- 
~ satisfactory generalization, the scheme of computing the tractive 
effort from the water rate must also be rejected, as the general 

relation shown by the light lines, Fig. 2, cannot be used directly. 
_ For example, it is desired to calculate the tractive effort of a 
locomotive of known proportions at a given speed; let the condi- 
tions be defined by assuming a cut-off. From Fig. 2, a water 


Fic. 1 Warer-Rate Sprerp-Cut-Orr DiaGRramM DRAWN AS A 
SuRFACE 


rate may be assumed accordingly, but an additional process 
must be provided before the horsepower or tractive effort can 
be determined. Similarly, if a steam supply is assumed and the 
steam available per revolution is determined, but without the 
additional process, horsepower still remains unknown. 

The proposed method is a more direct one, by means of which 
may be calculated: 


(a) The total amount of steam used per hour when the 
cylinder dimensions, working pressure, speed, and cut-off are 
known or assumed. 

(b) The cut-off at which the locomotive may be operated 
when the pressure, cylinder dimensions, speed, and steam supply 
are known. 

(c) The relation between speed, cut-off, and mean effective 
pressure as a fraction of the admission pressure, so stated that 
with any two quantities given, the third one may be determined. 
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The process of estimating the tractive effort as applied to a 
locomotive of known dimensions would be (1) assume the speed 
and cut-off; (2) determine the steam used per revolution when 
the cylinder dimensions, working pressure, speed, and cut-off are 
known or assumed as in (a); (3) determine the steam required 
per hour; (4) determine the admission pressure by finding the 
probable loss between the boiler and the cylinders; and (5) 
find the mean effective pressure from (4) and (c) as given pre- 
viously. 

If, in place of assuming the cut-off, the steam supply is as- 
sumed, the process is (1) assume speed and steam supply per 
hour; (2) find the steam per revolution from the hourly supply 
and speed; (3) find the cut-off which may be used with this 
amount of steam per revolution from (b) as given previously; 
(4) determine the admission pressure as in (4) of the preceding 
paragraph; and (5) find the mean effective pressure as in (5) of 
the preceding paragraph. 

The development of the process depends entirely on specific 
information obtained from the laboratory-test results, elimi- 
nating the uncertainties resulting from average steam output, 
average speed, average tractive effort, and average water rate 
usually obtained in road tests. The laboratory data are by no 
means as complete as might be desired, and in many cases in- 
consistencies make the determination of certain quantities 
most difficult. However, enough data are available in published 
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tested over a wider range of speed and 
cut-off conditions than was ever used in 
a series of locomotive laboratory tests. 
These locomotives have cylinder volumes, 
including clearance, of 10.7 and 10.2 cu ft (one cylinder), re- 
spectively. No different relations may be drawn at the over- 
lapping speeds for the two locomotives, and hence the volume of 
10.45 cu ft may be taken as representative of the two. It re- 
mains to determine what relation is borne to the steam used in 
the 10.45-cu ft cylinders and, at 205 lb per sq in. boiler pressure, 
by that used in cylinders of other volumes and with steam at other 
pressures. This relation is referred to as the L-K combination. 
Test reports are also available for a series of locomotives® 
using superheated steam and with cylinder volumes from 6.5 
cu ft to 10.7 cu ft, all working at the same boiler pressure of 
205 lb per sq in.; of a locomotive with three 8.0-cu ft cylinders 
and 200 lb per sq in. boiler pressure;® of two locomotives with 
cylinder volumes of 14.6 cu ft and 250 lb per sq in. boiler pres- 
sure;’ and of the Baldwin 60,0008 with one high-pressure cylinder 


’ Pennsylvania Railroad Bulletin No. 28. 

4 Pennsylvania Railroad Bulletin No. 29. 

5 Pennsylvania Railroad locomotives, E-3sd, B-6s- 89, E-6s-51, 
K-2sa, H-8sb. See Pennsylvania Railroad Bulletins Nos. gh te AEA 
27, 18, and 10, respectively. 

° Missouri Pacific locomotive No. 1690, Railway Age, June 30, 1925. 

7 Pennsylvania Railroad locomotives I-1s-790 and I- 1s-4358, see 
Pennsylvania Railroad Bulletins Nos. 31 and 32 , respectively. These 
two locomotives differed in that the latter had. a type-E superheater 
and also a feedwater heater, but the resulting difference in per- 
formance does not enter into consideration of this paper. 

5 Baldwin Locomotive Works publication,‘‘Locomotive No. 60,000.”” 


2 In calculating the ratios, attention was paid to the actual range of boiler pressures in the tests. 
On this basis, the working pressure for the Missouri Pacific locomotive 1690 is 190 lb per sq in., and for 
the Baldwin 60, 000 it is 335 and 200 lb per sq in. 
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of 11.7 cu ft volume, with boiler pressures of 250 and 350 lb 

per sq in. Some data are also available for the performance of 
- Purdue No. 4 locomotive which has a cylinder volume of 3.5 
eu ft. All volumes are those of one cylinder, including clearance. 
Curves similar to those of Fig. 3 were drawn throughout the 
range of performance for all of these locomotives; these curves 
are not presented in this paper but in Table 1 are shown the 
- values for steam consumption per revolution from smooth curves 

drawn through the actual points, and also the ratio of the steam 

consumption to that used by the L-K combination at the same 
| ‘speed and cut-off. Table 2 is a condensed summary of the data 

in Table 1. 

The values in Table 2 are plotted in Fig. 4. The circles 
represent the various locomotives, showing for each its average 
 yatio of steam used to that for the steam consumption of the 
L-K combination, plotted against the volume ratio. The 
points representing locomotives with 205 lb per sq in. working 
pressure show the use of less steam than that for the L-K combi- 
- nation in a ratio related to the smaller cylinder volume. The 
points representing locomotives with other than 205 Ib per 
__sq in. pressure show a use of more or less steam dependent both 
on the cylinder volume and working pressure. The first step 
in relating these is to reduce the varying pressure points to the 
values they would have if 205 lb per sq in. pressure were used. 
By trial, it was found that when the values of these points were 
divided by the quantity 


0.2 + 0.8(P2/P:) 


where P, is the actual working pressure of the locomotive under 
consideration, and P; is the working pressure of the L-K combi- 
nation, or 205 lb per sq in., the corrected points fall close to the 
straight line drawn through the points for the 205 lb per sq in. 
pressure. The equation for the latter line shows that, if the 
steam for the L-K combination with cylinder volume V; is 
taken as unity, the steam for a locomotive with some other 
cylinder volume V2 is 


0.3 + 0.7(V2/V:) 


Hence, the steam per revolution S; for a locomotive with pressure 
P, and volume V2 as compared with the steam S; used by the 
L-K combination with pressure P; and volume Vi, may be 
expressed as 


Se V2 P2 
rita (0s + 0.7 5) (02 + 0.8 5) Po. O 6 [5] 


This is a purely empirical relation based on test results. The 
variations in the ratios for any given locomotive within its own 
range of performance are not sufficiently consistent for any other 
process to define this relation, and in general, the variation 
secured by using the formula proposed for finding S, the steam 
used per revolution, is less than the variation in the test data. 

The value of S thus secured represents the steam used per 
revolution for both cylinders of the conventional two-cylinder 
simple locomotives; for three-cylinder simple locomotives such 
as the Missouri Pacific No. 1690, the steam used per revolution 
is 50 per cent greater than S, or 1.5 S, and for locomotives with 
only one high-pressure cylinder, as in the case of Baldwin 60,000, 
the steam used per revolution is equal to 0.5 Sy. 

After determining the amount of steam per revolution it 
becomes necessary to find the admission pressure, in order that 
the mean effective pressure may be later determined. From 
the preceding process, S (= S:) is known, and the total steam 
used by the cylinders in pounds per hour is 
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where E, = steam used by the cylinders, lb per hr, N = rpm, 
and S = steam used by the cylinders per revolution, lb. 

The pressure of the steam as delivered to the cylinders varies 
with the steam flow, and with the area of all the passages from 
the boiler to the cylinders. These areas are at least four in 
number, and there are no data nor theory to evaluate their effect. 
However, the loss in pressure, for any given steam supply, is 
closely related to the capacity of the boiler, and this in turn to 
its dimensions, so that a satisfactory correlation is found between 
the loss in pressure, the steam flow, and the heating surfaces. 
This relation is well represented by the expression 


PA=A0 GURNEE Waresaaemenee tt [7] 


where P, = loss in pressure between the boiler and branch pipe, 
lb per sq in., ZH = total steam consumption, lb per hr, and H = 
total heating surfaces (outside), including superheater, sq SUE 
It is obvious that the total steam consumption # is made up of 
the steam used in the cylinders Z, and the steam used by the 
auxiliary devices E,, or 
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The curves from which Equation [7] is derived are shown in 
Fig. 5. They are valid only up to the point at which the boiler 
pressure itself begins to fall off. 

For any simple locomotive operating at a given speed, the 
work in the cylinders depends on the mean effective pressure, 
which in turn depends on the admission pressure, the cut-off, 
and the steam distribution generally. No attempt can be made 
to estimate the effects of the variations in steam-distribution 
design; and the arrangements of the conventional engines are 
such that this variable may be eliminated. The effect of the 
diagram factor is so consistent that the mean effective pressure 
is, for any given speed and cut-off, a very definite proportion of 
the admission pressure. In Fig. 6 (6a to 6¢, inclusive) the ratio 
of the mean effective pressure to the admission pressure at the 
various cut-offs is shown for the Pennsylvania locomotives 
L-1s, K-4s, H-8sb, and I-ls, the Illinois Central locomotive 
No. 1742,9 and the Missouri Pacific locomotive No. 1690 for 
the usual range of test speeds. The curves accurately represent 
the range and value of the ratios. In the ease of the four lower 
speeds, there are several curves available for comparison; for 
the higher speeds, the information from Pennsylvania class 
K-4s tests is used. These curves are assembled in a composite 
diagram in Fig. 7, which may be taken as representing the rela- 
tion between the ratio of mean effective pressure to admission 
pressure, and the cut-off in per cent of stroke, at the various 


2 University of Illinois, Engineering Experiment Station Bulletin 
No. 220. 
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speeds in revolutions per minute, for locomotives with conven- 
tional types of cylinders and valve gears and using superheated 
steam. 


EsTIMATING TRACTIVE EFFORT 


The process of estimating the tractive effort and horsepower 
of a locomotive may now be summarized: 

1 Given the dimensions of the locomotive, the speed and 
cut-off, the procedure is: 


(a) From Fig. 3 find the steam per revolution for the locomotive 
used as standard of comparison, having a cylinder volume of 10.45 
cu ft and a working pressure of 205 lb per sq in., at the required speed 
and cut-off. 

(b) Find the steam per revolution for the pressure and cylinder 
volume of the locomotive considered by modifying the steam per 
revolution found under (a) by the use of Equation [5]. 

(c) Find the steam used by the cylinders per hour by using 
Equation [6]. 

(d) Find the total steam used per hour by adding estimated 
amount of steam used by the auxiliary devices. 

(e) From the total steam demand and the heating surfaces, 
estimate the pressure drop between boiler and cylinders by using 
Equation [7] or Fig. 5. 

(f) Find the admission pressure by deducting the pressure drop 
(e) from the boiler pressure. 

(g) Estimate the ratio of mean effective pressure to admission 
pressure for the given speed and cut-off from Fig. 7, and obtain 
mean effective pressure by multiplying the admission pressure (f) by 
this ratio. 

(hk) Calculate the tractive effort by Equation [1]. 

(i) Calculate cylinder horsepower by Equations [2] and [3]. 


2 Given the steam supply and the speed, the procedure is: 


(a) Ifthe steam supply is given as the net amount to the cylinders, 
the steam per revolution is obtained directly by dividing the steam 
supply E, by 60 N, otherwise the total steam supply must be re- 
duced by an estimated amount of steam used by the auxiliary de- 
vices in order to arrive at the net amount of steam to the cylinders. 

(b) Reduce the actual steam per revolution (a) by the use of 
Equation [5] to find the amount of steam per revolution required 
by the locomotive used as the basis of comparison. 

(c) Knowing the speed and the steam per revolution (6), find 
the cut-off at which the locomotive may be operated for that speed 
from Fig. 3. 

Further procedure is the same as items (d) to (2), both inclusive, 
previously outlined under case 1, since the speed, cut-off, and total 
steam supply are now known. 


Mean Effective Pressure 
Admission Pressure 


Ratio of 


0 20 40 60 80 
Cut-off, Per Cent 


Fic. 7 Composite DIAGRAM OF THE RELATION BETWEEN RaTIO 
or Mpan EFFECTIVE PRESSURE TO ADMISSION PRESSURE AND THE 
Cut-Orr IN Per Cent OF STROKE AT VARIOUS SPEEDS 


(For locomotives with conventional-type cylinders and valve gears and 
using superheated steam.) 


As a means of showing the application of the method which 
has just been outlined, the cylinder tractive effort and cylinder 
horsepower of a locomotive of assumed dimensions will be de- 


Fic. 6 (Lerr) Ratio or Mean Errective PressuRE TO ADMISSION 
PRESSURE AT VARIOUS CuT-Orrs FOR DIFFERENT LOCOMOTIVES 


RAILROADS 


termined for a series of assumed values of cut-off and steam 
supply: 
1 Locomotive dimensions: 


Cylinders (tw0)....... cece sere e eee e eee e ce reces 
Driving wheel diameter, in............--+2eeeeeeeees 80 


Boiler pressure, lb per $Q iD.......----. esses eee renee 240 
Total heating surfaces, including superheater, sq ft.... 6000 
Engine constant for tractive effort...............---. 237 
Z = (26? X 28)/80 = 237 
Engine constant for horsepower.........--+++++++++ 0.150 
4(a /4)262 X 28 
B 12 X 33,000 = 


2 From Equation [5], the steam used per revolution S for 
this locomotive having 26 X 28-in. cylinders, or a cylinder 
volume of 9.5 cu ft, including clearance estimated at 10 per cent, 
and 240 lb per sq in. pressure, may be related to that used by the 
comparison locomotive (L-K combination) with a cylinder 
volume of 10.45 cu ft and 205 lb per sq in. working pressure by 
the ratio 


S = [0.2 + 0.8(240/205)][0.3 + 0.7(9.5/10.45) }S1 
S = 1.064 8; 


3 An example of calculations for a given cut-off is given in 
Table 3. The calculations of cylinder horsepower and water 
rate, in addition to the tractive effort, are carried out as a check 
on the validity of the result. 

4 Asimilar set of calculations based on steam supply may be 
made as shown in Table 4. 

Similar calculations have been carried out with the cut-off 
assumed at 75, 60, 45, and 30 per cent, and with assumed values 


TABLE 3 EXAMPLE OF CALCULATIONS FOR A GIVEN CUT-OFF 


® Cut-off assumed, per cent.....-.-.s-e reece eer reer eres 75 
b) Speed assumed, rpm......-.---e eset eerste et at et tease 40 
(c) Steam per revolution for the L-K comparison locomotive 

with a cylinder volume of 10.45 cu ft and a working pressure 

of 205 Ib per sq in. from Fig. 3, lb....-- +... 002s eae eects 12.4 
(d) Steam per revolution for the locomotive with a cylinder vol- 

ume of 9.5 cu ft and a working pressure of 240 lb per sq in., 

EIT Re ae EEO EET EEE ee 13.2 
e) Steam to cylinders per hour, (d) X (6) X 60, IDt2.eno bees 
f) Estimated total steam used, including auxiliaries, lb........ 
(g) Pressure drop between boiler and branch pipes, calculated by 

Equation [7] with 2 = 35,000 and H = 6000, lb per sq in. 10 
a aenion pressure, 240 — (g), lb per sq IDs tees cone 
(i) Ratio of mean effective pressure to admission pressure for 
40 rpm and 75 per cent cut-off, from Fig. 7....- ae 
(j) Mean effective pressure, (h) X (i), lb per sq in 
o Cylinder tractive effort, (7) X 237, lb 


1) Cylinder horsepower, (7) X 0.150 X 1 eae 
m) Water rate, (e)/(l), Tb per ihp-hr........-++eseseeerererees 


(a) Steam to cylinders, assumed, lb per hr.......-+--+--s2005 40000 

(b) Total steam required, including estimated steam for aux- 
Alinvied - 1D per AT. soci wie mina /alatm wisiee 2 vieiels Sn ce #iete cle miesiae 44000 

(c) Speed, assumed, rpm...... San co opkige AT Oe 240 

d) Steam per revolution for this locomotive, (a)/60(c), lb..... 2.78 

i Steam per revolution based on the comparison locomotive, 
VARA TAV En aoc Oe Tae DOD ToC OO Rn oe arn ams Ss 2.61 

(f) Cut-off corresponding to 240 rpm and 2.61 lb of steam per 
revolution, from Fig. 3, per cent......----- pa bale veces 383 

g) Pressure drop, from Equation [7], lb per sq in....--+--+-- 14 

h) Admission pressure, 240 — (g), lb per sqin........-.--+5 226 

i) Mean-effective-pressure ratio corresponding to 240 rpm and rae 


“4 
(j) Mean effective pressure, (h) X (i), lb per sqin....------+ 74 


(k) Cylinder tractive effort, (7) X OY ES oe aor Or wae oo 17500 
( Cylinder horsepower, (7) X OABO S6(e) ice wmiviese wei» cree eres 2560 
(m) Water rate, (a)/(l), lb per thp-hr .....-+seesereerereress 15.6 


RR-57-2 


STEAM TO 
CYLINDERS /N 
LB PERHR 


Cylinder Tractive Effort, Lb 


0 49 80 120 160 200 240 280 320 


Speed,Rpm 


Fic. 8 Tractive-Errort-SPEED RELATION AT VARIOUS CONSTANT 
Cut-OFrrs AND FoR VARIOUS RATES OF CONSTANT STEAM SUPPLY TO 
THE CYLINDERS 


of 30,000, 40,000, 50,000, and 60,000 lb of steam per hr to the 
cylinder. For every assumed cut-off or steam supply, the cal- 
culations are made for speeds of 40, 80, 120, 160, 200, 240, and 
280 rpm, omitting some of the obviously impractical combina- 
tions of speed and cut-off. The calculated results are plotted 
in Fig. 8, showing the relation between the cylinder tractive 
effort and speed in two sets of curves; one for the tractive- 
effort-speed relation at various constant cut-offs, and the other 
for various rates of constant steam supply to the cylinder. 

The proposed methods of calculation extend only to a speed 
of 40 rpm. The determination of tractive effort at low speeds 
rests on the fact that for the first few revolutions of the driving 
wheels, a very small steam supply will be adequate to fill the 
cylinder, so that for zero speed when, so to speak, the locomotive 
is merely leaning against the train, the actual cut-off and the 
dimensional constants of the locomotive determine the tractive 
effort. Reasonable assumptions with regard to release and 
compression pressures give the following mean effective pressures 
for the maximum cut-off given, at zero speed: 


Maximum Ratio of mean 
cut-off, effective pressure 
per cent to boiler pressure 

90 0.97 
80 0.93 
70 0.87 
60 0.80 


The advantages of the method proposed and of the resulting 
figure, Fig. 8, may be mentioned briefly as: 


1 The process takes the physical facts of the transformation 
from potential into kinetic energy fully into account. 

2 The chart places before the user a full exhibit of the 
capabilities of the locomotive. 

3 Ifsuch a chart is to be used as the background for a single- 
line speed-pull curve, it is immediately apparent what program 
of evaporative capacity and cut-off is expected of the locomotive. 

4 A basis is furnished for estimating the economy of the 
locomotive under any conditions, including those far inside of 
what may be considered its capacity. 
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Discussion 


The Design and Performance of an 


Axial-Flow Fan’ 


C. Ketier.2 Noise measurements as plotted in the authors’ 
Figs. 19 and 20 agree with the writers’ recently published obser- 
vations? which were made on the advice of Dr. J. Ackeret 
during experimental investigations of single-stage axial blowers. 
Among other things, these tests deal with the cause of noise and 
it might be interesting to compare both the results obtained and 
another method of investigation with the paper under discussion. 

The pronounced increase of the intensity of the noise mea- 
sured by the authors near the inflection point on the static-pres- 
sure line, and also the following sudden decrease, has been con- 
firmed by all our tests on four different impellers. In our estima- 
tion, the noise in this region is caused by vigorous detachment 


Hitzdraht 
Platin 01%_ > 


¥ic.1 An Impetiter BuapE WITH THE Hot-WirE ARRANGEMENT 


(Hitzdrahtbiigel = Flexible Copper Wires; Huitzdraht Platin 0.1 m/m ¢ = 
Hot Wire Platinum 0.1 mm ¢.) 


of the air stream on the various wing parts. With a decreasing 
flow volume, the profiled impeller wings are loaded progressively 
(the lift coefficient ca of the profile increases). With a decreas- 
ing volume a point is reached where the impeller can no longer 
produce the required pressure (Ca > Camax). AS 2 result surging 
starts which is » well-known phenomenon in blower and com- 


1 Published as paper AER-56-13 by Lionel S. Marks and John 
R. Weske, in the November, 1934, issue of the A.S.M.E. Transactions. 

2 Chief Engineer, Caloric Research Laboratories, Escher Wyss 
Engineering Works, Ltd., Zurich, Switzerland. 

3“Axialgeblise vom Standpunkt der ‘Tragfliigeltheorie,” by 
Dr. GC. Keller. Communication from the Aeronautical Institute of 
the Federal High School, Zurich, Switzerland, 1934. 


pressor design, and the pulsation of flow volume and pressure 
gives a pronounced noise. 

The hot-wire instrument makes it possible to investigate ex- 
actly the important flow phenomena on a moving wing by 
measuring the velocities on the spot where detachment of the 
stream oceurs. A brief description of this investigation method 
is as follows: 

A thin platinum wire 0.1 mm diam and 20 mm long is attached 
2 mm above the surface of the rear side of a wing by means of 1-mm 
flexible copper wires as shown in Fig. 1 of this discussion. This 
arrangement does not cause any disturbances in the flow pass- 
ing along the blade. The ends of the wires are fastened to thin 
insulated copper wires which are inserted in the wing and lead 
through the hub to the shaft end where they are connected to a 
battery by means of collecting rings, copper brushes, and rheo- 
stats. 

During normal operation, the air passes over the wing surface 
without detachments and the platinum wire, through which 
passes a current 2, is cooled by the air which has a velocity w. 
With a larger angle of attack (small volume) the eddies and back- 
flow on the trailing side of the wing increase, starting at the rear 
edge, until finally the flow is wholly detached and the hot wire 
lies in a region of eddies. The wire, no longer subjected to the 


Fic. 2 OScILLOGRAPH OF CHANGING-VOLTAGE DIFFERENCE 
Between Hor-Wireb Enps Dur To DETACHMENT OF FLOW 
From WING 


(Line 1—50-cycles alternating current as oscillograph scale; line 2— 
normal flow w over the wing profile; line 3—beginning of detachment 
at the rear edge of the wing; line 4—flow detached from the wing profile.) 


regular air flow w is cooled less than in normal operation and 
therefore its temperature rises. T he electric resistance of the 
thin wire changes accordingly and a different voltage drop be- 
tween the ends is the result. This voltage difference, after 
being duly increased by amplifier tubes, can be made visible by a 
cathode-ray oscillograph. This allows the observation of 
eventual periodic oscillations of detachments, if the hot wire has 
not too much inertia. 

Tests have been made with a total difference of between 
two and three volts at the hot wire. The current in the hot wire 
amounted to approximately 3 amperes. A detachment of the 
stream corresponded to a difference of between 0.2 and 0.3 volt. 
For the leading tension of the electron ray of a Cossor tube which 
was used asa cathode-ray oscillograph, two amplifier tubes trans- 
formed the voltage difference from the hot-wire end 100 times to 
between 200 and 300 volts. By using the time abscissa of the 
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Cossor tube, the oscillations of the voltage difference can be 
observed during a certain time, as illustrated in Fig. 2 of this 
discussion. 

The upper sine curve represents 50 cycles alternating current, 
photographed on the same plate with the oscillograph curves, 
and serves as a calibrating scale. The distance between lines 
2 and 4 corresponds to the voltage difference between the cold 
and warm hot wires (adherent and detached flow). Line 2 is 
very accurate and straight over the whole period of exposure. 
It shows the constant-voltage difference at the hot wire during 
normal operation of the fan with a closely adherent stream over 
the profile and indicates correspondingly uniform cooling. _ The 
air velocity w was then approximately 60 m per sec (3000 rpm). 
As soon as detachment is starting at the rear edge, the velocity w, 
and therefore the wire cooling, is changed. Now the voltage 
difference follows the irregular line 3. The unstable condition, 
prevailing near the hot wire is represented by oscillations of the 
wire-voltage difference. No regular frequency could be observed 
in this case. The angle of attack was about 11 deg when the 
detachment started. 

Any further increase of the angle of attack (smaller volumes) 
causes a complete detachment of the flow and the hot wire lies 
fully in a dead space of flow. The wire, in comparison to the 
previous position which gave line 3, is heated still more and the 
change of potential difference is also greater. This case is 
illustrated by line 4. Contrary to line 3, where detachment 
of the flow is only beginning with alternating detachment and 
adherence, the temperature of the wire is almost constant which 
results in the constant-voltage curve, similar to line 2. 

The three lines, 2, 3, and 4 correspond to the varying degree of 
noisiness a8 observed by Marks and Weske; line 2 representing 
minimum noise; line 3 representing an increase of noise with a 
decrease of efficiency; and line 4 representing lower noisiness 
after inflection point in the static-pressure curve. 


R. G. Fousom‘ and M. P. O’Brien.’ Many papers dealing 
with industrial equipment include little or no information on the 
details of construction and the authors are to be commended for 
presenting sufficient material to permit a technical analysis of 
the results. It is regrettable that restricted publication space 
made necessary the omission of the additional data referred to, 
especially those concerning the rotational velocity at discharge. 

The writers have developed a quantitative method of predicting 
the head-capacity curves® of axial-flow pumps which agrees with 
test data on a commercial propeller pump. Since the flow 
through a propeller fan is practically incompressible, the same 
method of prediction should be valid and the information pre- 
sented by the authors in their Figs. 3, 4, 5, 6, and 9 makes possible 
an application of this method. 

The procedure used by the writers starts from the airfoil 
theory of Pfleiderer? modified in such a way as to give a portion 
of the head-capacity curve near the design point provided that 
the aerodynamic characteristics of the blade sections are known. 
The modification consists simply in taking a weighted average 
of the net total head developed at each radius and subtracting 
the friction and shock losses in the inlet and discharge ducts. 
Empirical fan-test constants are unnecessary in these computa- 
tions, all coefficients being obtained from hydraulic tables. 


4 Instructor, Department of Mechanical Engineering, University of 
California, Berkeley, Calif. Jun. A.S.M.E. 

5 Associate Professor, Department of Mechanical Engineering, 
University of California, Berkeley, Calif. Assoc-Mem. A.S.M.E. 

° “Propeller Pumps,” by M. P. O’Brien and R. G. Folsom, pre- 
sented at the Aeronautics-Hydraulics Meeting of Tar AMBRICAN 
Socirery or MecHanicau EnGrinegrs, Berkeley, Calif., June, 1934. 

7*Die Kreiselpumpen,”’ by C. Pfleiderer, Second edition, J. Springer, 
Berlin, 1932. 
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DISCUSSION 


Fig. 3 in this discussion of the paper compares the computed 
results with the authors’ test curves of capacity vs. static 
pressure and power. The discrepancy between the computed 
and measured heads is less than the probable error of the com- 
putations. The computed net power input is lower than that 
estimated by the authors on the basis of friction losses measured 
with a plain cylindrical hub. The good agreement indicates 
that the method used by the writers is satisfactory for design 
although it may not be theoretically sound in all details. 

With regard to the bend in the head-capacity curves at which 
the authors observed that the fan became noisy, it is interesting 
to note that the airfoil theory shows this point to correspond 
approximately to the “burble-point” of the blade section. At 
greater rates of discharge, pumping is primarily the result of 
the lift of the blade sections while at lower rates the drag pre- 
dominates. The bend appears to be the transition stage between 
these two conditions. ‘Burbling” starts at the hub and pro- 
gresses outward as the capacity is decreased and its partial de- 
velopment along the blades probably causes the secondary flows 
observed by the authors. 

Fig. 4 of this discussion shows the application of the usual 
affinity laws to the curves given in Fig. 9 of the paper under 
discussion. Theoretically these relationships should hold for 
axial-flow pumps and fans and it appears that they are dependable 
over the range of speeds investigated. 

The authors state, “The fan can be designed so that the same 
amount of work is done on each particle of air, at the flow condi- 
tions corresponding to the point of maximum efficiency.”’ Subse- 
quently it is stated that, “The angle of attack was selected so as 
to give constant pressure on each blade element.” The work 
per pound of the fluid is the total head (pressure head plus 
velocity head). It can be shown that the assumption of a con- 
stant total head and constant pressure difference at all radii are 
incompatible. It can also be shown that the radial-pressure 
variation resulting from a constant total head at all radii gives a 
stable type of flow and for this reason the assumption of a con- 
stant total head appears to be preferable. 


Auexny J. Srepanorr.’ The design finally adopted by the 
authors resembles very closely that of the axial-flow pumps al- 
ready well established and for which considerable data are avail- 
able. The design of the fan for which data have been presented 
was based on the use of certain constants obtained from a pre- 
liminary design and study of its performance. This preliminary 
fan, in turn, was built “following closely a design which has given 
good performance.” Aerodynamic principles involved were 
given due consideration. 

This is a normal procedure of commercial design of pumping 
machinery, resulting in the marked progress in performance ob- 
served during the last few years. The authors deserve credit 
for improving efficiency of the final design as compared with that 
used for reference. 

Attempts have been made lately by several investigators to 
apply the test data obtained with airfoils in the wind tunnel 
to the design of axial-flow pumps, which substantially is the 
basis of the so-called “airfoil theory” of axial-flow pumps. There 
are, however, several handicaps to making this theory practi- 
cal, such as: correction for mutual blade interference, finite 
blade length, variable pitch, and for the effect of a revolving 
series of blades instead of the parallel movement dealt with in 
aerodynamics. In addition to that, the performance of the 
diffusion case with inevitable losses should be accounted for, be- 
cause it is in the performance of the complete unit that the de- 
signer is interested, and not of the impeller alone. The deter- 
mination of corrective factors to account for all these influences 


8 Byron Jackson Company, Berkeley, Calif. Mem. A.S.M.E. 
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experimentally is much more complicated than the building and 
testing of an actual model of the pump or fan, which is the proce- 
dure followed by the authors. 

The number of variables to observe (head, capacity, and ef- 
ficiency) in such‘a model test are the same as those with the 
airfoils (lift, drag, and angle of attack), and the testing procedure 
and equipment are much simpler. To make the results inde- 
pendent of the actual dimensions and speed of the pump, various 
factors were introduced (ratio of velocities or velocity heads) 
which correspond to the lift and drag coefficients in the airfoil 
theory. The factors for axial pumps, if plotted against specific 
speed as abscissas, fall in line with those for semi-axial flow 
(coni-flow), mixed-flow, and radial-flow centrifugal pumps, for 
which data have been compiled for years by the designer. It is 
very unlikely that designers will recalculate these data to conform 
to the airfoil theory. 

No doubt, the charm of the airfoil and circulation theories 
lies in the fact that for certain simplified conditions those theories 
give solutions which agree very closely with the observed results, 
which is a very rare happening in the field of formal hydrody- 
namics. 

An advanced pump or fan designer can enjoy the beauty of the 
airfoil and circulation theories and derive benefit from the 
achievements of modern hydrodynamics without trying directly 
to apply them to the actual design. 

While the writer was studying this paper, several points were 
called to his attention. The fan efficiency, based on total head 
as calculated by the authors, corresponds to pump-hydraulie 
efficiency, neglecting leakage and disk friction. This was found 
by the authors to decrease with the speed. With pumps, ef- 
ficiency is a maximum at a certain speed, below and above which 
efficiency drops slowly. At lower speeds the decrease in efficiency 
is caused by the decrease in mechanical efficiency at smaller 
outputs. This could not be observed by the authors, as mechani- 
cal losses were excluded in their calculations of the fan efficiency. 

At higher speeds the difference between the velocities and 
pressures on the front and back side of the impeller blades be- 
comes too great to perform the equalization of these at discharge 
and entrance edges with a minimum loss. The blade becomes 
overloaded. With pumps this is followed by cavitation if the 
suction pressure or submergence is not sufficient to suppress the 
local formation of cavities on the suction side of the blades. 

The increase of the blade area, either by extending the blades 
or by increasing the number of blades, will increase the optimum 
speed of the pump or fan. This will also reduce the noise of 
the unit as a result of decreased pressure and velocity differences 
throughout the unit. 

The authors have selected the profiles for the impeller blade 
with a straight front, or constant vane angle. The good per- 
formance of this fan proves, contrary to statements sometimes 
made, that the increase of the vane angle from the leading to the 
trailing edge is not absolutely necessary for an efficient generation 
of head. To make the generation of head possible with this 
shape of blade, the fluid must enter the blade with a sudden 
deflection or shock, but this shock is in the direction of flow, 
resulting in little or no loss of energy. On the other hand, by 
making the blade angle at the discharge equal to or smaller than 
that at the entrance the blade end is unloaded (becomes non- 
active), resulting in uniting of the two streams on both sides 
of the blade with a minimum of loss. 

Although the authors have chosen profiles with very thick 
entrance edges for the diffusion vanes, hoping to improve the 
flow for a wider range of capacities, the efficiency curves are not 
any flatter than found normally for this type of impeller. 

The 0.5 ratio of the hub diameter to the impeller diameter 
used by the authors is greater than normally encountered in 
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pump designs. Large impeller hubs require an unusually long 
diffuser tapering hub for an efficient recovery of the velocity 
head. 

The best distance between the impeller and guide vanes 
for axial pumps was found by Pfleiderer to be about 3 per cent 
of the impeller diameter. The authors’ optimum clearance be- 
tween the impeller and guide vanes is 5 per cent. The difference 
is probably caused by the fact that the authors’ diffusion vanes 
have much heavier entrance edges than those of the Pfleiderer 
pump. 

The authors deviate from the established methods of testing 
and terminology. This, while having no particular advantages, 
may lead to confusion. The close comparison of the perform- 
ance of the fan presented in the paper with available data is 
impossible, as, while the authors based the fan efficiency on the 
power input less mechanical losses, the latter are not given 
in the paper. The statement in the paper that the pressures, 
volumes, and efficiencies, as determined by the methods of the 
Standard Test Code at another laboratory not named in the 
paper, may only be explained by the inaccuracy of the test data. 


AvutHors’ CLOSURE 


The preliminary investigations referred to in the paper had the 
same object as that discussed by Dr. Keller, namely, the ex- 
ploration of the flow through the fan blades. For this purpose 
the test arrangement consisted of pitot tubes rotating with the 
fan and of a pressure seal by which the pressures were trans- 
mitted from the rotating elements to a stationary gage board. 

In the region beyond the stalling point the conditions of flow 
around a rotating blade are more complicated than those of two- 
dimensional flow. The air in the stagnant zone at the back of 
the blade is dragged along by the blade at approximately the 
rotative speed of the blade. It thereby is subjected to centrifu- 
gal acceleration and tends to move radially outward. Stalling 
begins at the root of the blade; when it starts it has a disturbing 
effect upon the neighboring zones further away from the center 
line. 

Stalling is only one of the causes of the rapid increase of noise 
near the inversion point of the fan-characteristie curve. Our 
measurements of axial velocity immediately in front of the fan 
wheel (by stationary pitot tubes) show that there is a displace- 
ment of the flow as the discharge volume decreases which results 
in diminishing flow near the tip of the blade. This may go so far 
as to cause reversal of flow at low discharge volumes. It is at 
the point where this reversal of flow first appears that the highest 
peak of the noise curve occurs. 

It is gratifying to find the agreement between the computa- 
tions of Mr. Folsom and Professor O’Brien and the actual per- 
formance of the fan. The difference between the two methods of 
design (constant total head and constant pressure difference) 
disappears when the fan and guide vanes are considered as one 
system and when the axial velocity leaving the system is con- 
stant over the cross-section. 

Mr. Stepanoff suggests that the fan designed by the authors 
was a modification of the fan used in the preliminary investiga- 
tions. This is not correct. The fan was designed on aero- 
dynamic principles and departed from the previous design in a 
number of fundamental points, as stated in the paper. The 
combined corrective factor for the various influences to which 
Mr. Stepanoff refers (mutual blade interference, etc.) was ac- 
tually determined experimentally, as he advocates, and was used 
in the design. The authors agree that two-dimensional air-foil 
theory is inadequate for a rational analysis of the flow through 
an axial-flow impeller. Air-foil theory, however, supplies useful 
data for the selection of the proper shape of the blade section. 
For the design of the blade as a whole, circulation theory as ap- 
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plied to propellers (particularly the work by Goldstein and others) 
supplies necessary and useful data for the practical design. 


Air Flow in Fan-Discharge Ducts’ 


H. F. Hacen.? The author has made a valuable contribution 
toward the explanation of the discrepancies that appear between 
the volume measurements made by use of the pitot tube and 
those made with a flow nozzle. However, the quantitative use 
of the direction tube implies that the air has been assumed to 
have a smoothly rotating flow without ring vortices or radial 
motion. To validate this would require extensive investigation. 
The supporting evidence of nozzle agreement and egg-crate action 
is inferential and, while convincing, too meager to be conclusive, 
as the author himself states. 

Fan literature describes two fundamental spins; a spin of 
uniform moment of momentum having a constant total head 
throughout the range of flow, and the vortex with a constant 
angular velocity. The first type of spin can occur in any fluid 
flow. The second type can be produced only by an expenditure 
of energy. 

The flows indicated by the direction tube are of neither of these 
fundamental forms. Inasmuch as each blade produces vortices, 
it is pertinent to consider whether or not the apparent spins are 
due to a pattern of individual blade vortices, particularly as 
such vortices have a theoretical permanence. If such a vortex 
pattern exists, the square or pulsation effect cannot be ignored. 

The author’s experiments with more precise metal diaphragms 
are open to the objection that the small amplitude of their very 
precision makes them as susceptible to the minute displace- 
ments of the ordinary sound wave as they are to the relatively 
large displacements of air pulsation. The rubber diaphragm 
used by the writer indicated pulsations too great to be ignored. 
Professor Bailey’s paper® also shows a severe pulsation in a fan 
delivery. 

The writer has experimentally verified the author’s work. 
The curves of Fig. 13 in the paper were checked in the writer’s 
laboratory concurrently with the author’s investigation. Later, 
an “egg crate” was used with his predicted results. In another 
case, the amount of spin shown by the direction tube was pre- 
dicted from a difference between inlet and outlet volume measure- 
ments. However, complications arose. Two fans that showed a 
variation of approximately 10 per cent between pitot tube and 
nozzle produced agreement in subsequent testing throughout the 
whole range of the fan characteristic. It is to be noted that the 
nozzle volumes were the consistent ones. 

The direction tube developed by the author is a new instru- 
ment of great promise. The writer has had opportunity to use 
it in an examination of the flows from two double-inlet experi- 
mentalfans. One of these indicated a spin similar to those shown 
by the author for single-inlet fans, but of only 12-deg inclination. 
The other showed a double vortex of 22-deg maximum spin. 
Nozzle checks have not yet been made and further investigation 
is required along these lines. 

To the best of the writer’s knowledge, in every instance where 
the direction tube has been used in a fan duct it has indicated 
rotational flow. The author’s deductions from the writer’s 
reported results on double-inlet fans may require revision. Direc- 
tion-tube tests made in cases that show agreement between pitot 
tube and nozzle may also prove illuminating. 


1 Published as paper PTC-56-2, by L. S. Marks, in the November, 
1934, issue of the A.S.M.E. Transactions. 

2 Vice-President and Director of Research, B. F. Sturtevant Com- 
pany, Hyde Park, Boston, Mass. 

3“Pulsating Air Flow,’ by Neil P. Bailey, Trans. A.S.M.E., 
vol. 56, 1934, paper PTC-56-1, p. 781. 
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These test experiences have been mentioned to emphasize 
the complicated nature of the whole subject and to indicate that 
the author’s unquestionably important discoveries do not pro- 
_ vide an entirely complete explanation. 

The author’s work with the various types of pitot tubes is 
interesting. The writer has tested five different tubes of the 
type shown in the author’s Fig. 4 and found curves similar in 
type to that of the author but with individual differences of 
velocity pressure of 3.5 per cent. Errors of this order frequently 
» occur in pitot-tube work even on the inlet side of fans where there 
is no reason to suspect a spin. There appears to be an error of 
this order in the author’s calibrations. Presumably the impact 
ends of the tubes of Figs. 2, 3, and 4 are identical. Allowing for 
signs plus or minus from the unity line a similar gradient can be 
secured from the published curves for impact-pressure variation 
which should be the same for the three. Such curves plotted 
from Figs. 2 and 4 agree closely, but the curve from Fig. 3 does 
not check within 4 to 6 per cent of the velocity head in the im- 
portant 15-deg to 30-deg range. Has the author an explanation 
of this apparent change in the impact gradient? 

Incidentally, it should be noted that, in rectangular ducts 
where the pitot tube is not conventionally moved toward the 
center line of the duct, the tubes of Figs. 2 and 3 would inter- 
change characteristics and that possibly the symmetrically dis- 
tributed holes of Fig. 4 are to be preferred. 

It is worthy of remark that the author put his reliance, and very 
properly, on the nozzle measurement. In all the work done by 
both the author and the writer, the nozzle has been reliably con- 
sistent and has been used as a measure of the correctness of 
other methods. The only real objection to the nozzle is a 
commercial one of cost. This objection has been overcome by 
the development of accurate but inexpensive sheet-metal forms. 


H. S. Bean.‘ The discussion, in the paper, of errors due to 
non-axial flow is of particular interest and value. It may be well 
to note that errors of the nature and approximate magnitude de- 
scribed have been observed in some tests made at the National 
Bureau of Standards on small household fans such as are used 
in the summer. Such results lead one to suspect many of the 
pulsation errors reported in Mr. Hagen’s 1933 paper® and in 
Professor Bailey’s current paper® were really errors due to non- 
axial flow. 

In 1926 and 1927, the Gas Measurement Committee, Natural 
Gas Department, American Gas Association, conducted a series 
of tests at Buffalo, N. Y., to determine the effects on orifice- 
meter indications of various types of pipe fittings placed on the 
inlet side of the orifice. One of the ‘‘fittings’’ used was a com- 
bination of three elbows so connected as to determine two per- 
pendicular planes. Presumably, such a combination of angles 
produced a whirl in the gas stream. The effect on the orifice 
meter varied from practically zero to more than 13 per cent low 
(i.e., the indication of the meter was less than it should have 
been), depending upon the size of orifice and its distance from 
the angles. Moreover, with an orifice of 50 per cent diameter 
ratio, the effect of these angles was very apparent even with over 
50 pipe diameters of straight pipe between the orifice plate and 
the nearest angle. 

While so far as is known, there have been no tests of just this 
kind made with venturi tubes and flow nozzles, it seems reason- 
able to expect that the effect on them would be similar. If 
this expectation is right, one may well question the accuracy of 


4 Physicist Chief, Gas Measuring Instruments Section, National 
Bureau of Standards, Washington, D.C. Mem. A.S.M.E. 

5 Puylsation of Air Flow From Fans and Its Effect on Test Pro- 
cedure,’ by H. F. Hagen, Trans. A.S.M.E., vol. 55, 1933, paper 
FPS-55-7, p. 105. 
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nozzle measurements such as mentioned by Professor Marks, 
when the approach stream has a whirling motion. 

In these Buffalo tests, the use of straightening vanes, “egg 
crates” as Professor Marks called them, was tried as a means 
of overcoming the adverse effects produced by the fittings. In 
all but a few instances the straightening vanes were completely 
effective. While several different designs of vanes were tried, 
the most effective had about the same relative dimensions as 
those used by Professor Marks. 

Professor Marks states that a pitot-tube traverse made 2.5 pipe 
diameters downstream from the straightening vanes was as satis- 
factory as at 9. This is less than the recommendation made in 
Part 3 of the Fluid Meters Committee Report, which specified 
that the distance between the vanes and the orifice should be 
between 4 to 10 pipe diameters, depending on the diameter ratio 
of the orifice used. 

Near the end of the paper Professor Marks states: ‘“‘It is 
concluded that, with 2.5 diameters of duct past the pitot-tube 
station, there is no disturbance of the pitot-tube readings result- 
ing from the presence of obstructions at the end of the dis- 
charge duct.” In other words, any disturbance produced by 
such obstructions does not travel back upstream as much as 2.5 
pipe diameters. This lends support to the recommendation of 
the Fluid Meters Committee that there should be at least from 
2 to 4 pipe diameters of unobstructed pipe between the down- 
stream pressure tap and any fitting. 


J. F. Downm Smiru.* In his paper, Professor Marks has ex- 
plained the desirability of changing the position of the outer- 
most pitot-tube station in a circular duct in order to make the 
AS.H.&V.E. test codes come into closer agreement with theory 
and practice. His point was that a better average velocity 
would be obtained by the method he suggests. Since he has 
recommended a change in the test codes, another recommenda- 
tion may be considered simultaneously with it. 

The procedure in fan testing at present is to divide the duct 
into several equal-area strips, and, at the center of each, to 
measure (among other things) impact and static pressures. 
From the data, the velocity of the air at each point is calculated 
and the velocities are then averaged to get the average velocity 
over the section. This answer is correct within the required ac- 
curacy. But when this average velocity is used in the calculation 
for the velocity head of the air at the section, the answer obtained 
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average kinetic energy of the air. 

Consider a small plane section of the duct with area dA perpen- 
dicular to the duct axis, a mean air velocity V at this point and 
The kinetic energy of the material passing this section 
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dA, and the kinetic energy for a unit weight of the material would 
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Now for a parabolic distribution of velocity, as occurs in iso- 
thermal streamline flow, the average kinetic energy obtained in 
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Over the entire section, the kinetic energy would be 
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2 
the above manner can readily be shown to be “ instead of 


Vive 


as has been used in the test codes. The latter is only half 


the size of the former. Fortunately, in fan work, the flow is sel- 
dom streamline, and for turbulent flow the error is much less 
than with viscous flow, amounting to only a few per cent. Un- 
fortunately, it is not a constant amount and varies with the tur- 
bulence. 

But in fan testing, the velocity head at each of the several 
points specified in the ducts is usually obtained or can be easily 
calculated. Then it appears better to average the velocity heads 
obtained at these various points and thus compute the velocity 
head of the air at this section. From this velocity head we can 
unfortunately get no data about discharge unless flow is viscous 
or of known turbulence. But the discharge can be obtained by 
calculating the average velocity as formerly. 

Therefore, the specific recommendations are: (1) Calculate 
the volumetric discharge by averaging the velocities as specified 
in the test codes; (2) calculate the velocity head of the dis- 
charge by averaging the velocity heads obtained at the several 
specified test points. 


Ep S. Smirn, Jr.? The writer agrees generally with the au- 
thor’s conclusion that a “new definition of velocity head’’ is 
needed in the art of testing fans discharging into ducts but 
suggests that this new definition be made suitable for extension 
to the testing of pumps and turbines for liquids as well as gases. 

This new definition that the writer suggests was proposed by 
George E. Lyon of Rensselaer Polytechnic Institute in 1921.8 
In view of the lack of published discussion, it may be well to 
state that, about 1930, Dr. Dryden, of the U.S. Bureau of Stand- 
ards, independently proposed this to the writer in a conversation 
on metering of fluids by large-ratio nozzles. 

The velocity head 
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a circular duct where r is the radius, V is the velocity, and p 
is density. This simplifies to: 


where A; is the area of a graph in which VY is plotted as or- 
dinate against r? as abscissa for a known velocity distribution. 
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where A, is the area of a graph in which V is plotted as ordinate 
against r? as abscissa for a known velocity distribution, as is 
well known. Thus the average velocity head is simply 


or 


Rectangular ducts may be treated in a somewhat similar, graphi- 


7 Hydraulic Engineer, Builders Iron Foundry, Providence, R. I. 
Mem. A.S.M.E. 

8 “Flow in Conical Draft Tubes of Varying Angles,” by G. E. 
Lyon; Trans. A.S.M.E., vol. 48, 1921, paper no. 1830, p. 1245. 
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cal manner. In the above analysis, only the velocity com- 
ponents along the axis of the duct have been considered. 

It seems proper to credit the fan with any useful energy that 
it has added to the flowing stream as determined from the differ- 
ence in total energy between a point in the inlet and one in the 
discharge duct. The total energy is to be taken as the sum of 
the energy of the static pressure, the kinetic energy of translation 
and rotation, and the total heat of the fluid itself. The useful 
portion of these energies must be determined from the portion 
of the energy increase that can reach the point of application 
and there be of service. The same problem is met in the sale 
of steam, e.g., where the flow-measurements are differently 
weighted when the fluid is to be used for heat or power. 

As a practical matter, it seems fair to insist that the rotational 
energy be converted into that of translation or omitted from 
consideration. Consistent with this, it would seem desirable to 
measure the energy of translation at a point far enough distant 
from the fan, in view of any straightening egg-crates present, so 
that the velocity distribution is so nearly normal that further 
losses due to velocity readjustments will not have appreciable 
effects. 

At such a point of normal velocity distribution, the mechanical 
viscosity is practically uniform across the central portion of the 
duct, thus producing a parabolic velocity distribution there. 
With smooth walls, the velocity builds up as the seventh root 
of the distance from the walls. The parabolic curve, extending 
outward from the center, and the seventh-root curve, extending 
inward from the walls, overlap for a generous range providing 
that suitable constants are used to adjust the above curves to 
follow the actual curve most closely. The seventh-root curve, 
taken alone, gives a sharp peak to the velocity-distribution curve, 
at the center of the duct, which entirely fails to fit the physical 
situation. It is best not to attempt to use a single law (parabolic, 
seventh root, or other) as basic in drawing general conclusions, 
but rather to make only such use of them as is mathematically 
convenient and correct. 

The centrally located tube is the only fixed pitot tube that is con- 
sidered worthy of use by the writer, and then only after it has 
been calibrated in situ at the various rates by velocity-distribution 
traverses, or otherwise. Any averaging or other pitot tubes 
located near the walls of the duct are in a region where the velocity- 
distribution gradient is too steep for accuracy or reliability, par- 
ticularly for test purposes where guarantee performance is being 
checked. 

Where the characteristic of the fan is such that the head first 
increases and then decreases with an increase in quantity, ex- 
pansible fluids may have violent pulsations on the rising portion 
of the curve. The author’s conclusion that pulsation errors are 
relatively small is evidently based on experience limited to fans 
having a steadily falling characteristic. With a rising char- 
acteristic, it is generally necessary to throttle the suction to 
avoid pulsations so severe as to render meaningless any velocity 
readings obtained by differential-type meters. It would seem 
desirable to supplement the pitot tube with a hot-wire velocity 
meter. While blowers having a rising characteristic may be 
considered as unworthy of mention, still they should fall under 
any system of test methods that lays any claim to comprehensive- 
ness. 

It may prove advantageous to rate such fans with a liquid in- 
stead of a gas. The writer has found it convenient to check 
the characteristic of a liquid pump by measuring the flow of 
air it produced. Of course the power required works against 
testing air fans with water as much as it favors testing large 
water pumps with air. However, the liquid-test procedure 
should find some use in model tests run to develop a design that 
avoids the objectionable rising characteristics of some former 
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model. ‘An Investigation of the Performance of Large Centrifu- 
gal Pumps Using Air as a Medium,” an advanced thesis by 
Miguel A. Quinones, Rensselaer Polytechnic Institute Bulletin 
No. 48, September, 1934, admirably confirms the potential value 
of such procedure, besides establishing the present accuracy of 
such a method. 


A. Pererson.® It may not be amiss to emphasize one im- 
portant conclusion that may be reached from reading Professor 
‘Marks’ paper and that is the possibility of serious errors in test 
results by use of the pitot tube. It is significant that Professor 
Marks uses the flow nozzle as a standard for comparison. This 
immediately brings up the question why should not the flow 


~ nozzle be specified also in the test code for fans. 


} 
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The writer is a member of Committee number 10, his work hav- 


ing been confined mainly to the compressor section of the code 


which incidently has passed through its final steps for publication. 

Before adoption of the flow nozzle for measuring volume, we 
had discussions and controversies with builders of commercial 
flowmeters such as thin-plate orifices, pitot tubes, ete., but the 
Committee took the stand that the most accurate method to 
determine volumes, with the knowledge of the art at that time, 
was the flow nozzle. 

In the code as written, the door is, however, open to other 
methods of volume measurements but the test is not then strictly 
in accordance with the A.S.M.E. Code although it may happen to 
be just as accurate as a test according to the code. 

In trying to have the flow nozzle also adopted in the fan Code 
in preference to the pitot tube, considerable opposition was 
raised by many fan manufacturers mainly on account of the ex- 
pense of testing large fans by the flow-nozzle method. 

After reading Professor Mark’s paper and Mr. Hagen’s paper,® 
Tam more than ever convinced that the flow nozzle also should 
be specified in the fan code. 

The pitot tube naturally has its place and can be covered in the 
fan code in the same manner as was done in the compressor code 
in permitting by mutual agreement other methods for volume 
measurements, but the flow nozzle should be the standard method. 

In this connection, it may be well to emphasize the report of 
the Special Committee appointed to study in detail the principal 
objects and purposes of the A.S.M.E. Power Test Codes. 

This report contains the following statement: “The Codes 
shall be so definite that they may be made part of commercial 
agreements and shall serve as a measure of fulfilment of contract 
obligations in so far as the items covered in these codes are 


concerned as well as a means of preventing disputes between 


parties to a test.” 

Professor Berry, who was a member of this Committee stated 
in the November, 1932, issue of Power: « ,. the A.S.M.E. 
Test Codes are planned for use in acceptance testing and must 
therefore be so drawn that their results can be defended in litiga- 
tion that may arise from a disagreement. The methods presented 
in such a code must be only those that are recognized as yielding 
the most dependable results attainable in the present state of the 
art.” 

I believe the foregoing quotations together with Mr. Hagen’s 
paper® and Professor Marks’ paper, herein being discussed, give 
ample justification for the Fan Code Committee to specify the 
flow nozzle for volume measurements. 

If the fan is of such size that the expense of the test set-up be- 
comes prohibitive, test of a model may be resorted to, which 
practice is followed by the hydraulic-turbine people and to some 
extent also by the centrifugal-pump manufacturers. 


9 Chief Engineer, Pump and Compressor Department, DeLaval 
Steam Turbine Company, Trenton, N. J. Mem. A.S.M.E. 
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R. D. Manpison.!° The author has presented here a real con- 
tribution to the study of air flow in ducts, and has offered con- 
structive suggestions for the changes in fan-test procedure. 
The use of the honeycomb straightener with a short test duct 
is to be commended both from the standpoint of economy of set- 
up and accuracy of test. 

It is comforting to know that the author’s opinion is that pul- 
sation is responsible for only a small part of test errors. While 
pulsation still has to be dealt with it is not likely to abolish the 
use of the pitot tube and traverse. The pitot has been some- 
what discredited of late and without real justification. The 
author has pointed out that with a straightener there seems 
to be little choice between the Prandtl tube and that adopted 
by the A.S.H.&V.E. Tests may prove that a modification of 
them both is the answer. The writer believes that larger static 
holes and a blunter, more elliptical-shaped nose in the A.S.H.& 
V.E. tube is desirable. 

The writer has used straighteners and found them desirable 
from all viewpoints. In recent elbow tests he used a honeycomb 
approximately 5 in. square and 10 in. long and satisfactorily re- 
duced spiral flow to a negligible amount. However, if shock 
loss at entrance is to be neglected, a length of 15 in. (3 diameters) 
would have been preferable. Contrary to what some may 
think, a thin-edged straightener does not “equalize” flow, al- 
though the statie pressures, as read, are much more uniform. 
In fact, the writer has found that the velocities are apparently 
more uneven due to the more accurate reading of the static 
pressure. A straightener will introduce a pressure loss both by 
reason of the friction of the walls and by the shock loss at en- 
trance. ‘The former should not be charged to the fan. If there 
is a large amount of spiral flow there will be a large shock loss and 
this would and should automatically penalize the fan since spiral 
flow serves no useful purpose in any installation. It is the 
writer’s opinion that a length of duct approximately 6 diameters 
could be used with a straightener—3 diameters between the fan 
and center line of the straightener, 11/2 diameters between the 
straightener and the pitot station and 11/, diameters between 
the pitot station and end of the duct where a symmetrical throt- 
tling device is situated. 

The subject of the use of rectangular ducts is too quickly dis- 
missed by the author without considering some of its advantages. 
Most fans have square or rectangular outlets and are connected 
to ducts of similar shape. It would not only simplify the duct 
to keep it the same size as the fan outlet but it would change the 
flow lines less and facilitate the fabrication of the straightener 
and air-throttling device. It is true that there is a larger per- 
centage of boundary to area in a rectangular duct than in a 
round one but there is also a greater percentage of readings taken 
near the boundary. The round-duct traverse presupposes a 
fairly uniform velocity distribution across the duct. This is not 
always attained, especially in single-inlet fans. In fact, the 
“pattern” of the velocity distribution may change radically with 
different points of rating with the same fan operated at constant 
speed. In the rectangular traverse the points are more uniformly 
distributed over the whole area and therefore more likely to be 
representative under all conditions. The author feels that the 
outermost point in the round traverse is not correct and should be 
moved slightly nearer the boundary. If tests prove that this is 
necessary and the same condition exists in the rectangular 
traverse, a corresponding change could be made. As a result 
of the observations, the writer believes that with the use of a 
honeycomb straightener there is every justification for the use of 
rectangular test ducts. 


10 Research Engineer, Buffalo Forge Company, Buffalo, N.Y. 
Assoc-Mem. A.S.M.E. 
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W. H. Carripr.!! Although the pitot tube has always been 
recognized as a very convenient and simple instrument for deter- 
mining fluid flow, the accuracy of the results obtained by it has 
heretofore been questioned. However, as a result of Professor 
Marks’ research, it is possible to use this iastrument with con- 
fidence. 

There may be some question as to the proper distance from 
the fan discharge to take static-pressure readings. It is well 
known that a considerable length of piping on the fan discharge 
has an equalizing effect which actually increases the observed 
static pressure in many types of fans. It is also true, of course, 
that there is a certain frictional loss in this duct work. It is 
debatable whether an addition to a fan which improves its ap- 
parent efficiency should not be penalized by whatever frictional 
loss oceurs in producing the additional efficiency. In a straight 
length of discharge duct there is normally this conversion of 
“Statice”? energy, which will naturally occur in the duct, and the 
frictional loss of the duct is calculated from the fan outlet, so 
the performance of the fan would normally be taken on the 
present basis providing, of course, the correct coefficient of fric- 
tion were allowed. 

I believe that users of fan equipment would prefer to have 
the static-pressure readings taken closer to the fan outlets, as 
suggested by Professor Marks, as frequently this static pressure 
is the only usable pressure in an installation, and it is always 
desirable to get a better fan performance than expected rather 
than a poorer one. 

On the other hand, fan manufacturers would probably like to 
see their fans given credit for performance under the most ideal 
conditions. 

It is my opinion that only improvement in fan practice and 
design would result from adopting the suggestion of Professor 
Marks that the static-pressure readings be taken one diameter 
from the fan discharge. In the end this should be a benefit to 
all concerned, and should be looked at from a broad rather than a 
narrow point of view. 


AuTHoR’s CLOSURE 


The air flows shown in Figs. 9 to 14 of the paper have all the 
characteristics of a continuously distributed vorticity. The 
second type of vortex described by Mr. Hagen is a particular 
case of distributed vorticity. Any arbitrary continuous distribu- 
tion of vorticity may appear in a fluid. A free vortex (where the 
vorticity is concentrated on a line) will, through the action of 
viscosity and turbulence, diffuse its vorticity through the fluid 
in a continuous way just as heat diffuses by conduction through 
a body. The distribution of angular velocity indicated by Fig. 
14 suggests such a type of diffusion. 

Mr. Hagen’s experience with fans, which sometimes show good 
agreement between pitot-tube and nozzle-volume measurements 
and at other times show a 10 per cent discrepancy, would appear 
to result from the commonly observed instability of performance 
of certain fans. A traverse with a direction tube would presum- 
ably have given the explanation for the phenomenon. 

The suggestion by Mr. Hagen that rotational flow has always 
been found when a direction-tube traverse has been made is prob- 
ably accurate. In the double-inlet fan mentioned in the paper, 
two opposing vortices are set up which, at 21'/, diameters from 
the fan, have a maximum whirl angle of 22 deg. At 9 diameters 
distance the maximum angle has decreased to 5 deg, a magnitude 
which has no perceptible influence on the pitot-tube readings. 

The author does not believe that substantially identical pitot 
tubes will register individual differences of velocity head of the 
magnitude apparently found by Mr. Hagen. The five tubes 


11 Chairman of the Board, Carrier Engineering Corp., Newark, 
N,J. Mem. A.S.M.E. 
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used by Mr. Hagen vary sufficiently in dimensions to justify - 
the expectation of some appreciable differences in their indica- 
tions. The dimensions of Mr. Hagen’s tubes, as well as those of 
the A.S.H.&V.E. standard tube, are such as to give an appreci- 
able error in velocity-head indications. Since the writing of 
this paper, investigations have been made which will permit the — 
design of a pitot tube giving negligible error for a correctly 
oriented tube and avoiding appreciable differences between the 
indications of different tubes. 

Variation in impact head in the author’s measurements, which 
Mr. Hagen deduces from Figs. 2, 3, and 4 of the paper, represents 
probably some variation in operating conditions. The author 
was interested at first only in the variation of velocity head with 
yaw; the static pressures were obtained at a later date when the 
desirability of knowing them developed. The conditions for the 
two sets of observation were not identical. 

In the early part of his paper, the author recommends the use 
of round ducts for accurate work; in the rest of the paper the use 
of a round duct is assumed. With a rectangular duct and 
whirling flow, the mean static pressure can be determined as in a 
round duct by traverses along two center lines with spacing of 
observation locations as in the usual rectangular-duct traverses. 

H.S. Bean suggests that whirling flow is to be expected in a 
nozzle if the air approaches it with whirling flow. This is cer- 
tainly the case and has been observed by the author. As the 
axial velocity is increased through the nozzle, approximately 
inversely as the ratio of areas, and the tangential component is 
unaffected, the angle of whirl should be reduced in the nozzle. 
This is precisely what was observed. The fan whose perform- 
ance is shown in Fig. 11 of the paper was provided with a nozzle at 
the end of a 10-diameter discharge duct and a traverse was made 
with a direction finder of the air leaving the nozzle. The whirl 
angle was found to vary in a fairly uniform manner from zero 
at the center to about 7 deg at the periphery. For these angles 
the correction factor, Fig. 8, is practically unity. 

The discussion of J. F. D. Smith is concerned with a point 
which is not touched upon in the paper. He is unquestionably 
right in his proposal if the mean velocity head is the quantity de- 
sired. However, it should be pointed out that the mean velocity 
is the quantity usually of interest to the fan engineer and that the 
useful product of the fan is the velocity head corresponding to the 
mean velocity rather than the mean velocity head. In other 
words, a flow of uniform velocity across the whole cross-section is 
preferable to the same total flow with a velocity which varies 
across the cross-section. The latter, however, would show the 
higher mean velocity head. 

When the author stated that there was need of a new definition 
of velocity head, he had in mind the question of non-axial flow 
and not the variation of velocity across the cross-section as sug- 
gested by Ed S. Smith, Jr. Mr. Smith’s discussion of this 
point is in effect the same as that of J. F. D. Smith and is 
answered above. The author agrees with his conclusion that the 
useful portion of the energy given to the air is that which can 
reach the point of application and be of service there. 

The pulsations referred to by Mr. Smith are those resulting 
from instability in the fan performance which, as he says, is 
common in fans having the characteristics which he describes. 
The author has not made any reference to this kind of pulsation. 
His discussion applied only to the type of pulsation described in 
Mr. Hagen’s paper,® which is thought to be present in all fans 
and at all times and which results presumably from the discon- 
tinuous discharge from the fan blades or other similar source. 
With the type of instability to which Mr. Smith refers there is no 
definite performance of the fan; the conditions in the fan are 
changing violently and erratically. 

The author agrees with Mr. Peterson as to the greater reli- 
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ability of the nozzle for volume measurements; in addition, 
the measurements consume much less time. As Mr. Hagen 
suggests, the development of rectangular sheet-metal nozzles 
may reduce the cost of nozzles so much as to remove the objec- 
The author is now investigating 
the rectangular sheet-metal nozzle to ascertain its coefficients and 
general reliability. Meanwhile, the use of egg-crate straighteners 
with an adequate length of duct and the proper specification of 
pitot tube should make pitot-tube volume measurements reliable. 

The recent work on pitot tubes, to which the author has al- 
ready referred in his reply to Mr. Hagen’s discussion, does not 
entirely support the suggestions of Mr. Madison for increasing 
the accuracy of the pitot tube. The results of this new work will 
be published before long. Mr. Madison is quite right in stating 
that an egg-crate straightener will not equalize flow; it will only 
take out the rotational component. If the axial component of 
flow approaching the straightener is greater at the bottom of the 
duct than at the top, it will remain greater after passing through 
the straightener. It is also true that the equalization of flow 
takes place more rapidly when the air is whirling. Consequently, 


if equalized flow is desired, it is preferable to have a long run of 


duct preceding the straightener rather than following it. The ex- 
perience of the author indicates that the increase in accuracy re- 
sulting from equalized flow before the pitot-tube station is very 
slight, but obviously there may be conditions of velocity distribu- 
tion in which a pitot-tube traverse will not average the velocity 
with sufficient accuracy. 

The advantages of rectangular ducts are well stated by Mr. 
Madison and on the score of cost and convenience, except for the 
long time required for readings, they are desirable. For ac- 
curacy, however, the author thinks that round ducts are prefer- 
able. If rectangular sheet-metal nozzles prove satisfactory, 
the use of rectangular ducts would certainly be indicated. 


The Economics of Preheated 
Air for Stokers’ 


James W. Armour.? The authors, in their paper, by correct- 
ing for stoker area, ash content of the fuel, and the burning 
rate, have brought out very forcibly that preheated air is the 
major factor in causing high maintenance costs of stokers. 

They have pointed out some ways in which maintenance with 
preheated air can be reduced and of these there are two in par- 
ticular in which the stoker designer is interested. First, the 
design of the part itself and, second, the material which is used 
in the part. 

Many operating companies attempt to reduce maintenance by 
buying cast-iron parts from a local foundry. This practice has 
hindered progress in solving some of the problems relating to 
stoker maintenance. The design of a part with reference 
to its maintenance is very important and is well illustrated 
by experiments which are being conducted in connection with the 
grate surface of the Harrington traveling-grate stokers. 

A new grate surface was designed and installed on a stoker 
operating on anthracite and coke breeze. After a year’s opera- 
tion it appeared that these grate castings were an improvement 
over the old design from the standpoint of maintenance and 
appeared to have other desirable features with which we are not 
concerned as far as this particular discussion applies. As a re- 
sult of this year’s trial, we then undertook to install this grate 
surface in a number of other plants. One plant, burning bitu- 


1 Published as paper FSP-56-17, by R. E. Dillon and M. D. Engle 
in the December, 1934, issue of the A.S.M.E. Transactions. 
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minous coal on a traveling-grate stoker, had an installation requir- 
ing a rather high burning rate in quite a small furnace. Our 
grate castings lasted approximately one month. A change in 
design improved the life of these parts so that some of them have 
now been in service under exactly the same conditions in the same 
plant for nearly two years. This case is an exceedingly good il- 
lustration of what can be done on design alone, although such a 
vast improvement can hardly be expected in most cases. 

The question of material has received rather lukewarm at- 
tention in the past. A number of so-called “heat-resisting”’ 
irons have been put on the market with rather indifferent results. 
We know it is not possible to add a small amount of alloying 
metals to cast iron and materially increase the melting point of 
the iron, so we rather look askance at any claims for inexpensive 
“heat-resisting”’ iron. It would be very desirable if castings, 
having a melting point higher than any furnace temperature 
which could be produced in a stoker-fired furnace, were available 
at a reasonable cost. Such material does not appear to be 
available at the present time at a price which would warrant its 
use. 

There are, however, materials available which appear to give 
longer life and at a sufficiently reasonable price to justify fur- 


GRovTH OX1 DATION 


LZ 2 


o } 


| A 


Tus Errect or GrowrH, AND GRrowTH PLUS OxIDATION 
On Test Sampuys or Cast IRON For STOKER Parts 

(Sample 1 is an alloyed cast iron costing about four times the cost of or- 
dinary castiron. Sample 2 is an iron which can be produced for approxi- 
raately 25 per cent more than ordinary cast iron. Sample 3 is the ordinary 
run of cast iron.) 
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ther investigation. We are now conducting an investigation into 
the economics of using alloyed cast iron to determine just how 
much improvement can be made without increasing the cost be- 
yond an economical point. This study has not progressed far 
enough to draw final conclusions, but it does show enough promise 
so you might be interested in a brief description of the trials. 

Realizing that fuel-bed conditions with underfeed stokers are 
very hard to maintain uniform and that burnouts of tuyére 
blocks may occur from causes having no bearing on the material 
of the tuyére blocks, we are confining our field experiments to a 
traveling-grate stoker where the fuel-bed conditions are fairly 
uniform. Aside from actual melting of the grate surface, we be- 
lieve it is generally accepted that furnace castings break down 
primarily due to growth of the castings and rapid oxidation at 
elevated temperatures. Our experiments have, therefore, de- 
veloped along the lines of obtaining growth-resistant iron and, 
in some cases, an iron which will resist oxidation. These factors 
may go together in the same iron. 

Eleven different mixtures were finally decided upon for a trial, 
these selected mixtures being based on recommendations of 
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various concerns and metallurgists interested in this particular 
problem. At the time the castings were poured test bars were also 
made, there being two test bars of each mixture. Enough grate 
castings of each mixture were made so as to cover a fairly large 
area, to eliminate the possibility of a condition which might oc- 
cur at any isolated spot affecting the trial. All the various eleven 
mixtures were installed on one traveling-grate stoker. Such 
a stoker is quite suitable for this test for, as the grate castings 
travel through the furnace and then back again into the front, 
they are subjected to repeated heating and cooling which is con- 
ducive to obtaining the greatest amount of growth and oxidation. 
These grate castings are now in service. 

The test samples have been subjected to laboratory tests which 
consisted of packing one sample in a box of iron filings so as to 
exclude the air and repeatedly heating it to 1500 F, and allowing 
it to cool. The other sample was subjected to the same heating 
and cooling process but in an oxidizing atmosphere. 

The laboratory tests have indicated that it is possible to ob- 
tain a casting which has very little growth over a period of 50 
cycles of repeated heating and cooling. As a rough estimate it 
is anticipated that castings can be produced for about 25 per 
cent increased cost which will give at least 50 per cent increased 
life. Such an estimate is subject to proof by the field tests which 
have not progressed far enough to draw any conclusions. The 
writer’s Fig. 1 gives some idea of the effect of growth and growth 
plus oxidation of the laboratory samples. 

Regarding the tuyéres, it is possible to make them of ordinary 
cast iron with that part exposed to the fire of a more expensive 
heat-resisting iron. With such an arrangement it might be pos- 
sible to use the higher alloyed irons without increasing the cost 
of the entire casting to a point where it does not become eco- 
nomical. 

The authors have mentioned the use of water sprays under 
the stoker. Steam has also been used with some success, but 
the use of either water or steam means a reduction in operating 
efficiency and, while this may relieve an existing condition, it 
would hardly be desirable for application on a new installation. 
The use of water-cooled tuyéres has been tried and shows some 
possibilities, providing the heat absorbed by the water can be 
economically recovered. All such devices add to the complica- 
tions of stoker design which stresses the point that where high 
preheated-air temperatures are desired, high maintenance cost of 
firing equipment can be avoided by the use of pulverized coal. 


Joun Van Brunt.’ While the general opinion has been that 
highly preheated air would cause higher maintenance on stokers, 
individual opinions differ as to what temperatures constitute 
highly preheated air. Some stoker manufacturers do not take 
exception to 400 F or even 500 F, while others are more conserva- 
tive and set the limit at 300 to 325 F. It has been my personal 
judgment that 325 F should be the limit unless the operating 
company is willing to accept the higher maintenance that ac- 
companies higher air temperatures. 

This paper is particularly valuable in that it enables one to 
assign a specific figure to the maintenance cost due to preheated 
air instead of estimating or guessing. However, there are several 
thoughts and questions that came up as a result of a study of the 
author’s curves, answers to which might be of general interest: 

(1) In Fig. 1, why is the inference made that the maintenance 
is higher with 75-F air than with 200-F air? 

(2) In Fig. 2, showing the relation of stoker area to main- 
tenance, it is possible that the shape of curve A is due in part to 
the fact that the larger stokers are usually operated at higher 
combustion rates and with low-ash coal. If curve B were fur- 
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ther corrected for ash content of coal the corrected curve should 
be flatter, as there appears to be no other logical reason why size 
alone should affect maintenance to the extent shown. 

(3) The indications of Fig. 3 are logical, in that higher com- 
bustion rates are accompanied by higher fuel-bed temperatures. 

(4) Fig. 4 shows expected results, since ash serves as a pro- 
tection to fuel-bearing surfaces. The effect of ash content in 
coals used on chain-grate stokers is marked. The downward 
slope of curve B at the left may be questioned, inasmuch as it 
indicates that a zero-ash coal would be less damaging to grate 
than a coal with 8 per cent ash. An explanation of why this 
curve B touches zero at 14 per cent ash would be interesting. 

(5) Curves A and B in Fig. 5 do not compare with the ac- 
cepted understanding of the effect of air in cooling the grate. 
One would expect curve B to start at the left at about 71/2 cents. 

(6) The values indicated by the points of Fig. 7 are probably 
due to the higher-volatile coals which are usually higher in ash 
than low-volatile coals. Perhaps the higher percentage of fixed 
carbon or coke in the low-volatile coals may be a factor. 

(7) In Fig. 10, summarizing the conclusions, curve B shows 
the same characteristic rise at low air temperatures as curve 
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A but to a greater degree; this I think requires further explana- 
tion, as I do not think it is safe to infer that 200-F air will re- 
sult in lower maintenance cost than 100-F air, to the amount of 
about 2 cents per ton. Logically, curve B should start at zero 
cents at 50 F and rise in a straight line tangent to curve B as 
plotted at about 235 F. 

The explanation of these peculiarities may lie in factors that 
were not available to the authors, such as banking hours, sudden 
dropping of load, composition of ash, fusion temperature of 
ash, and differences in operating. 

Some time ago we had occasion to investigate the tempera- 
tures of the grate surface of traveling-grate stokers. Fig. 2, 
in this discussion, shows the temperatures reached by the stoker 
keys at various points along the travel of the grate. The maxi- 
mum temperature, it will be noted, occurs at the point where 
ignition has penetrated through the fuel bed to the grate, which 
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is about 40 in. from the front end of the stoker. As soon as ash 
starts to form, the grate becomes protected from the incandescent 
fuel and the temperature rapidly drops to 300 F, and falls still 
further as the fuel bed is burned out. 
From this curve it is easy to understand why preheated air 
rapidly increases the maintenance. With 300-F preheated air, 
the temperature of the stoker grate at the point where it enters 
the furnace would probably be in the neighborhood of 200 F 
higher, and the peak temperature would probably also be 200 F 
‘higher. The base of the peak would be broader, consequently 
the key would be subject to a higher temperature and for a 
longer period of time. It would drop to about 500 F at a posi- 
tion corresponding to 300 deg on the slide. Our experience 
indicates that a short peak temperature of 1000 F or thereabouts 

does not result in unusually high grate maintenance, but if for 
any reason the high temperature is sustained for any consider- 
able time the maintenance increases very rapidly. 


M. J. Senaya.4 The maintenance costs and comparisons set 
down in the paper deal with equipment dating from 1925 up to 
about 1931. Boiler-room installations of eight and ten years 
ago were vastly different in construction and design from the 
modern equipment of today. Asa result of research and develop- 

-ment, the modern underfeed stokers operate with much lower 
) maintenance costs than the author’s general figures indicate. 

Advancement in the use of preheated air for stoker-fired 
boilers has been somewhat retarded during the last three or four 
years. The authors might well have mentioned that retrench- 
ments during this time by operating companies and others 
who in the past have shared in the development of boiler-room 
equipment, have limited comparisons, especially for the higher 
preheated-air temperatures. 

Inasmuch as records of stoker maintenance by different com- 
panies are not kept by one set method, a general breakdown of 
the figures given in the paper would indicate other conclusions 
than those presented. Station labor can either be direct on the 
stoker involved or the average for the station which would in- 
clude labor and overhead, even at times when no replacements 
are necessary. One case is known where an operating company 
uses a fixed labor charge of 101/2 cents per ton for maintenance. 
It is suggested that due to the many methods of bookkeeping in 
use, the material cost only would be a truer index for compari- 
sons. 

In 1925 an underfeed stoker was built and installed for 500 F 
air temperature. In an analysis covering an eight-year period, 
the maintenance costs were divided into 64 per cent for material 
and 36 per cent for labor. Another installation with the same 
500-F air was made to demonstrate its ability to burn some of 
the cheaper coals carrying ash with low-temperature softening 
characteristics. The maintenance on this stoker over an 18- 
months period, using the same fixed station-maintenance charge 
as on the older stoker, was divided into 49 per cent for material 
and 51 per cent for labor. The maintenance on extension grates, 
which was excessive on the first stoker, was eliminated to neg- 
ligible figures through the use of a new material, and the total 
maintenance on material was reduced by 50 per cent over the 
older stoker. It is worthy of note that the fixed labor charge 
per ton is more than the material charges. 

Stoker designers have compensated for the reduced temperature 
differential between the air and the iron, and they have studied 
the composition of the metal to eliminate cracking and growth. 
One case is known where a 75 per cent reduction in maintenance 
cost was effected by the exclusive use of manufacturer's parts. 

It is probable that this item would affect the figures shown by the 
~ author. 


4 American Engineering Company, Philadelphia, Pa. 
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The authors offer a conclusion or prediction that up to 300 F 
the preheating of air supplied to underfeed stokers does not 
seem to increase maintenance above reasonable figures, but that 
there is a sharp increase above this point. The data available 
beyond 350 F is limited, and for this reason should not be taken 
too seriously. When the opportunities for studying the effects 
of high-temperature preheated air are exhausted, the maintenance 
figures will be lowered. 

The opinion is offered that correct operation is an important 
factor. This is well demonstrated by a plant which burns low- 
grade fuel up to 50 lb per sq ft of projected grate area with air 
temperatures up to 400 F, yet has a maintenance cost on material 
of 2cents per ton. This raises the question as to whether some of 
the figures quoted by the author do not include charges for experi- 
ment and test periods during which the equipment was subjected 
to unusual conditions, or times when the operators were inex- 
perienced. 

The main topic of this paper deals with the effect of preheated 
air on the underfeed stoker, although figures are presented on the 
chain-grate stoker. This is an unfortunate comparison because 
in most cases, chain-grate stokers burn coals having high ash 
content peculiar to certain localities. Underfeed stokers burn 
a great variety of coals. Studies indicate that no definite usable 
data can be derived from comparisons given for the different 
types of stokers. A direct comparison can only be made by 
burning the same classes of coal on the different types of stokers. 


Gzorcr C. Eaton.’ At the Edgar Station, North Weymouth, 
Mass., experience has shown that air temperatures in excess of 
400 F are very damaging to a stoker because the distortion which 
results from such temperatures causes the stoker parts to crack. 
This appears to be consistent with the data plotted in Fig. 8. 

During a test at the Edgar Station, a coal with approximately 
11 per cent ash was burned and it was noticed that the stoker 
was damaged less than when New River coal containing 4 per 
cent to 6 per cent ash was used. On the other hand, we ap- 
parently had less stoker maintenance during a test run when 
mixtures of petroleum coke and New River coal were burned, the 
ash content of the mixtures being between 31/, and 41/2 per cent. 
These apparently opposite results are for but very short periods 
of time and are by no means reliable, although Fig. 4 seems to 
give them foundation. 

Considerable success has been attained at the Edgar Station 
in reducing stoker-maintenance costs by the use of ribbed side- 
plates to prevent warping, and by the development of an im- 
proved extension-grate design embodying a fixed and a moving 
section, no part of the grate extending at any time over the 
shingle grate. 


J. S. Bennett.’ Although this paper will probably result 
in engineers making a more careful analysis of the high main- 
tenance cost of stokers, it unintentionally might have the effect 
of discouraging the use of higher preheated-air temperatures by 
continued reference to past performances without stressing at 
the same time the value of study and effort to solve the problem. 

Stoker manufacturers have been considering this problem 
for a number of years and many innovations have been intro- 
duced to reduce maintenance. One of these is a water-cooled 
stoker in which the tuyéres and overfeed sections are converted 
into air-admitting water-wall areas connected to the boiler cir- 
culation. Four of these stokers are in regular service and have 
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burned 11,000 tons of Illinois coal with an ash-fusing temperature 
below 1900 F. None of the water-cooled areas of the stoker 
have shown any signs of overheating. As a result of such de- 
velopments, greater advancement along this line can be expected, 
all of which will result in reduced maintenance cost of firing 
equipment that is exposed to high preheated-air temperatures 
demanded by modern equipment. 


T. EB. Purcevu.? The authors have developed a curve showing 
the relation between air temperatures and stoker-maintenance 
costs. However, even after several corrections have been ap- 
plied to the data, the costs at 350 F of preheated air, for example, 
still vary by more than 15 cents per ton. This shows the incon- 
sistency which still prevails in the stoker-maintenance-cost 
situation. 

Stoker-maintenance costs as used in the paper apparently in- 
clude all costs of repairing the entire stoker and drive whether 
or not the repairs can possibly be affected by preheated air. 
We should be mostly concerned with the effect of the hot air 
on the maintenance of the grate section where the damage 
actually takes place rather than on the entire installation. 

In addition to the factors mentioned in the paper, there are 
others which have significant effects on the final cost. Among 
them are the design and age of the stokers, the fusion temperature 
of the ash, sulphur content of the coal, the local labor rate, the 
cost differential between materials purchased locally or from 
stoker manufacturers, banking boilers, the skill and alertness of 
the operators, etc. We cannot hope to correct for all these fac- 
tors but nevertheless their existence complicates the problem. 

The paper presents corrections for some factors, among them 
being grate area and burning rate. The trends in the correction 
curves are logical, but I wonder if the curves have any real 
significance. Incidentally I may add that, owing to better design, 
the largest stokers our company operates have the lowest main- 
tenance cost even though the average burning rate is higher 
than it is on the smaller stokers. Perhaps if the cold-air stokers 
as well as the preheated-air stokers had been used in developing 
these correction curves, more points would have been obtained 
to confirm or perhaps to contradict their trend. 

There is some satisfaction, however, in the fact that the un- 
corrected curve for maintenance cost vs. air temperature does 
not differ greatly in slope from the one corrected for many of the 
variables. On the other hand, it is disturbing that design deci- 
sions must still be based on incoherent data, even though the cor- 
rected curve is used. 


R. L. Beers. It seems to me that the authors do not go 
into sufficient details as to the fuels being used. It is generally 
conceded that chain-grate stokers are widely used for free-burn- 
ing, non-coking, high-ash coals, such as those mined in Illinois 
and Indiana; and they are not suitable for the coking, low-ash 
fuels such as those mined in West Virginia, Pennsylvania, and 
Eastern Kentucky. For the latter fuels, the underfeed stoker 
has proved without question to be best suited. The paper does 
not state whether any of the chain-grate stokers were burning 
low-ash Eastern fuels, but if data on such plants were available 
it is believed that the maintenance costs would be very much 
higher than for the underfeed and the efficiency would be much 
lower. With a low-ash, low-fusing-and-coking coal a chain- 
grate stoker will not stand up even with air at room temperature 
unless a high percentage of excess air is allowed to pass through 
the fuel bed at the rear end. Preheated air and a chain-grate 
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stoker with this fuel would make an unsatisfactory combination. 

It is difficult to make comparisons on the results of stoker 
installation as there are so many variable factors that enter. 
Two plants, exactly alike, will produce different results. The 
skill of the operators, load conditions and variation in the fuels 
may give entirely different results. The ash percentage is not 
always the important point. The burning characteristics of the 
fuel, the fusing temperature and quality of the ash are also very 
important. To make the comparison just, the two types of 
stokers should be operating under the same types of boilers with 
equal load conditions and with the same fuels. 

It seems to me that the maintenance figures given for the under- 
feed stokers are very high. Possibly there are some factors 
entering that are not given in the paper. Quite frequently 
most of the damage to an underfeed stoker occurs during short 
periods and not under normal operation. This might occur 
when starting up quickly from a banked fire without having the 
retorts filled with green coal or in carrying very high peak 
loads. 

The maintenance is no doubt important but there are other 
items, such as efficiency and flexibility that may more than off- 
set thisitem. Furthermore, in making maintenance comparisons, 
the maintenance of ignition and mixing arches, not used with 
underfeed stokers but required by chain-grate stokers, should be 
included. The maintenance of these arches may be an appreci- 
able item. Also, they cut down the radiant-heat transfer from 
the fuel bed to the boiler tubes, tending to lower the boiler ef- 
ficiency and capacity. 


H. E. Kunrrev.2 In order to simplify the problem of ascer- 
taining the main factors that contribute to the maintenance costs 
of stokers, I would suggest we use the amount of fixed carbon 
burned per square foot of grate surface per hour as a basis of 
comparison, correcting for area of grate surface and temperature. 
This, I believe, would be a better basis of comparison than using 
the pounds of coal burned per square foot per hour, the per cent 
volatile, per cent ash, and the excess air. 

The authors have indicated that stations burning coals high 
in ash and volatile content appear to have lower maintenance 
costs than stations burning coal with low-ash and volatile con- 
tent. This may be explained by the fact that with coals high 
in ash and volatile there is less fixed carbon in the coal to be 
burned on the grate surface, the volatile being distilled at rela- 
tively low temperatures and burned in the furnace chamber, the 
coke being carried along with the ash burning on the surface of 
the grate until the carbon content is consumed, the ash affording 
protection to the grate surface, if it does not become molten. 
Ash having a relatively low fusing temperature if allowed to be- 
come molten will contribute to higher maintenance costs and 
stoker outage, this being aggravated by high air temperatures. 

If the use of the fixed carbon burned per square foot of grate 
surface per hour, as a factor shows a logical relationship between 
maintenance and air temperature, it might be of further interest 
to make a comparison between the maintenance of chain-grate 
and underfeed stokers on this same basis, using the effective 
grate area. By that I mean the total grate area through which 
air passes for combustion, for underfeed stokers being approxi- 
mately 80 per cent of the projected area and for chain grates over 
twice the projected area of the fuel bed. 

This may afford a clue to the effectiveness of alternate cooling 
for the large-area chain-grate surface and also indicates the high 
duty imposed on the underfeed-stoker’s stationary-grate surface 
at high combustion rates and provides data for the stoker de- 
signer for future consideration. 
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J. E. Moutrrop.” It has been rather disappointing to find 
_ that there is a definite upper limit to the preheating of air if the 
maintenance costs are to be kept within reasonable bounds. 
; When the design of preheaters reached a practical stage, it fol- 
lowed that the way was clear for the station designer to go to 
almost any limit in forcing the capacity of the stoker and boiler 
in order to keep down capital expense without sacrificing too 
A in heat rejected in the stack. Now we find that this hy- 
pothesis is not true and the station designer must very carefully 
consider this point in planning a low-cost, economical station. 
In reference to maintenance expense, I believe that some of 
this is due to lack of induced-draft fan capacity. Many station 
_ designers in the past have erred in not installing sufficiently large 
induced-draft fans. Now that we have substituted a fan for the 
‘chimney, the fan is the limiting factor and if the forced-draft 
~ fan is run beyond the capacity of the induced-draft fan the result 
is bound to be a certain bottling-up of heat in the furnace which 
- must be detrimental to both the metal parts of the stoker and 
_ the refractories of the furnace. 
_ Here is a most urgent need for intensive research work to pro- 
- duce a material to be used in those stoker parts subjected to the 
hot air and heat from the fuel bed, which will stand up for a 
_/reasonable length of time and which will not clog up with slag 
adhering to the upper surface of the tuyéres, and which will be 
reasonably cheap in first cost. 

If we believe some of our optimistic business friends, the time 
is coming very soon when the utility companies will have to 
think about increased capacity and it would be a pity to have 
to use stokers handicapped by an absurdly low limit of air tem- 
perature. 


B. C. Matiory.!! It is interesting to note that the main- 
tenance of stokers with cold air is as much as with average air 
temperatures of 300 F. It would be interesting to know the 
average length of time the various stokers ran continuously for 
it seems that this may have a bearing on the maintenance cost. 
—Inour case, each stoker had three outages during the year 1933. 
That meant that whenever the stokers were out of service all parts 
that did not appear able to stand four months more service had 
to be renewed. 

We have found that in changing from one kind of coal to 
another, it may be necessary to carry a differently shaped fuel 
bed, and that maintenance costs go up until the new coal has 
been burned for several months. Such an item should be con- 
sidered as a charge against the possible saving in the differ- 
| jence in coal prices. 


Current Practice in Pressures, 
Speeds, Clearances, and Lubri- 
cation of Oil-Film Bearings’ 


Apert H. Datu.2 The author’s pressure-velocity diagram 
is an ingenious summation of current practice as related to Mr. 
‘ Kingsbury’s optimum data on 120-deg bearings.* The viscosity 
alignment charts, together with Mr. Kingsbury’s data, constitute 


_ 10 Chief Engineer of Company and Superintendent of Construc- 
tion Bureau, The Edison Illuminating Company of Boston, Boston, 
Mass. Mem. A.S.M.E. 
11 Technical assistant to the Chief Engineer, Lynn Gas & Electric 
Company, Lynn, Mass. Jun. A.S.M.E. 
| 1 Published as paper MSP-56-2, by H. A. S. Howarth, in the De- 
~ eember, 1934, issue of the A.S.M.E. Transactions. 
2 Engineer, Research Department, Cincinnati Milling Machine 
Company, Cincinnati, Ohio. Jun. A.S.M.E. 
3 “Optimum Conditions in Journal Bearings,” by A. Kingsbury, 
Trans. A.S.M.E., vol. 54, 1932, paper RP-54-7. 
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design criteria sufficient for any oil-film bearings operating at 
optimum conditions of load or friction. However, the designer 
must choose the minimum film thickness and from this choice 
determine the bearing clearance and the viscosity of the oil to 
be used. It is regarding this choice of minimum film thickness 
that the writer wishes to cite a few experimental facts which it 
is hoped will be pertinent to this discussion. 

It has been stated repeatedly in bearing literature that the 
minimum oil-film thickness must be governed by practical con- 
siderations. These considerations may be summed up briefly 
as being the initial degree of perfection of the two surfaces 
involved, and the distortion of these surfaces by whatever 
stresses may be set up in use. Another deciding factor is that of 
maintenance or decay of the quality of these surfaces with usage. 

Recent advances in the art of precision grinding have made 
it possible commercially to produce finishes on journals, which 
are comparable to lapped surfaces. Such surfaces are now 
being produced in mass-production industries such as the auto- 
mobile industry. Very accurate and smooth bearing surfaces 
can now be produced by diamond boring or scraping. The initial 
quality of the surfaces can therefore be attained without exces- 
sive cost. The maintenance of these surfaces is essential if a 
small minimum film thickness is chosen. 

Experiments at the Cincinnati Milling Machine Company 
have shown that the use of the so-called high-lead bronzes assists 
greatly in the maintenance of the original surfaces even when 
used with comparatively soft-steel journals. 

The process by which this combination of materials tends 
to maintain, and in some cases improve the quality of the 
surfaces, can be explained on the basis of chemical facts. Min- 
eral oils in general are neutral. However, it has been found that 
the acidity of oils increases with use. This acid reacts with the 
free lead in the bearing to form a metallic soap which coats the 
surface of the journal and bearing. This coating protects the 
surfaces when contacting occurs for short periods, such as starting, 
instantaneous over-loading or in short periods of oil deficiency. 
The production of sludge is very slight except in cases of exces- 
sive moisture. Thus the sole advantage of the so-called ex- 
treme-pressure lubricants is partially realized without any of 
the inherent disadvantages of this type of lubricant. 

If the bearing is designed so that the distortion in service is of 
a negligible order, the use of the foregoing methods of producing 
and maintaining the surfaces may well modify the past prac- 
tice of bearing clearance. As the author points out, the co- 
efficient of friction and, therefore, the power loss varies directly 
with the minimum film thickness for any bearing running 
under optimum conditions. It is obvious, therefore, that 
any means which tend to decrease this minimum will be desir- 
able. 


Austin Kunns.‘ The oil-film type of bearing is astonish- 
ingly reliable and efficient. It is capable of excessive overloads 
and considerable misalignment and abuse without signs of 
distress, provided it is supplied with sufficient lubrication. 

As a result there is a wide diversity of opinions by different 
students about the best proportions for these bearings, every one 
of which is based upon the irrefutable argument of successful 
operation. The power losses through the bearings are so small 
and so difficult to measure that the relative merits between them 
can hardly be distinguished. 

It is the belief of the writer that Mr. Howarth’s work will re- 
sult not only in simplification and standardization but that it 
will lead us to better designs, especially to shorter bearing 
lengths which can compete more successfully with the anti- 
friction bearing. Every experienced engineer has observed oil- 
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film bearings carrying extraordinary loads and has been led to 
the conclusion that the sizes used today, even though considerably 
reduced from the standards of a decade ago, are far larger than 
necessary. 

The writer recalls one gear drive which he inspected a short 
time ago which had been ‘‘starved”’ of oil to the point where the 
bearing metal had melted and run away except for a few small 
fins which, due to subsequent copious lubrication, had supported 
the journal loads for a considerable period of time. Each high 
speed bearing was 31/2 in. in diameter rotating at 500 rpm re- 
sulting in a rubbing speed of 458 fpm. The bearing pressure 
figured approximately 3500 Ib and the combined length of the 
unmelted babbitt strips did not exceed %/, in. The writer has 
records of a number of installations which because of changes in 
driving units have been operating continuously under overload 
conditions of 100 to 300 per cent. In no instance have the bear- 
ings failed. 

It is the hope of the writer that Mr. Howarth will not only 
place great weight on his emphasis of the absolute importance 
of correct and sufficient lubrication but that he will be able to 
simplify the specifications for the lubricating oils and establish 
an expression which will include the desired characteristics in 
terms of fundamentals which will avoid the use of trade names. 
Such a specification cannot be expressed in words of one syllable 
but the importance of reliable and efficient bearings and com- 
pactness in design justifies its study by intelligent engineers 
and their familiarity with its use in practice. 

From a study of the material given in Mr. Howarth’s paper 
and a comparison with our own practice, it is clear that the 
journal clearances which we use are less than the average. As 
manufacturers of gear and power-transmission products, the pro- 
portions and clearances of our bearings are adjusted for that 
particular class of service. Also, for convenience and as an aid 
to standardization we use as far as possible bearings for which we 
already have drawings and patterns. 

The average clearance which we use for bearings larger than 
3.5 in. is 0.001 in. per in. of diameter. For the smaller bearings, 
the clearance is specially selected for the particular type of 
service. 

Our own specifications of the lubricating oil are today identi- 
fied by 8.A.E. numbers. Selection of the oil is based more upon a 
consideration of the gear-tooth loads than upon bearing clearances 
and rubbing speeds. For the quantity of oil required we specify 
as a minimum 0.007 gal per min per in. of projected area. 

Generally speaking 8.A.E. 40 is used with bearings over 8 in. 
in diameter and 8.A.E. 30 for bearings under 8 in. in diameter. 
For the higher speeds S.A.E. 30 is used entirely. 

Naturally we have given considerable thought to the supply 
and distribution of the lubricating oil to the bearing surfaces. 
We are confronted with different requirements imposed upon us 
by practical consideration of our designs, and must arrange our 
bearings for ring oiling, collar oiling, gravity or pressure circula- 
tion as the individual installation requires. 

It is comparatively simple to deliver the lubricating oil to 
the bearings, but it requires careful study to distribute this oil 
from the entering ports to the areas of contact or pressure. This 
distribution is accomplished by the action of the rotating journal 
in the bearings. It is assisted by cutting grooves or reservoirs 
with long sloping chamfers ahead of the pressure areas. The ar- 
rangement of these grooves and chamfers has provided an out- 
let for a great deal of practical ingenuity in design. Every ar- 
rangement is reliable and effective if it distributes the oil in 
sufficient quantity and facilitates its pick-up by the rotating 
journal. 

Im permissible bearing pressure, expressed in pounds per inch 
of projected area, consistency in our designs is confused by the 
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necessity for standardization and utilization of existing drawings 
and patterns. 

For the heavy-duty bearings where the rubbing velocity is 
below 2000 fpm the pressure per inch of projected area lies be- 
tween 60 and 80 lb, although occasionally for practical reasons 
pressures as high as 100 Ib are used. The usual method of 
lubrication is by ring or by collar. 

At the higher velocities where positive oil circulation is in- 
cluded and where the rubbing speeds are well in excess of 2000 
fpm the bearing pressures per inch of projected area are seldom 
under 120 lb and are frequently as high as 160 lb. 

The relation between bearing length and diameter is in- 
fluenced by the dimensions of the supporting housing. Usually 
the length is 1.5 times the diameter for the slower speeds and 
from 1 to 1.25 times the diameter for the higher speeds. 

In discussing the design of oil-film bearings, it frequently is 
customary to ignore the rigidity of the housing in which the 
bearing shells are fitted and the accuracy with which the entire 
unit is machined. Presumably it is assumed that these items 
will be as nearly perfect as possible but unfortunately experience 
has shown that serious misalignment of the bearings occurs under 
operating conditions due to weakness in the housing. As bear- 
ings become shorter this tendency to weakness is increased. 

In closing, the writer wishes to point out the rapid reduction 
in the viscosity of the lubricating oil with the rise in bearing 
temperature. The temperature usually falls between 130 F 
and 150 F which introduces a wide variation in operating con- 
ditions. It is the writer’s opinion that far too little considera- 
tion has been given by designers to the close control of this factor 
of temperature. 


BE. S. Pzarce.® Our research in the bearing field has been 
confined to the railway-car journal bearing. This bearing be- 
longs, for want of a better classification, to the no-clearance, 
single-directional-load class of bearings. 

In our five years of work we have found so much that was con- 
trary to the accepted theories and practices concerning the design, 
operation and maintenance of this type of bearing that we feel 
quite sure the margin of performance between what is now being 
obtained and what could be accomplished is great. 

Analyzing the paper by Mr. Howarth in the light of the fore- 
going experience, it seems quite logical to conclude that the 
situation we have found is not unique to the particular field of 
bearing application which we have been investigating. Practices 
and theories of design seem to be predicated more on opinion 
than on facts. While the bearing is a vital part of the construc- 
tion, the design has hinged more on what has worked before 
than on what could or might be found to work. 

Fig. 1 in the author’s paper, when analyzed from the stand- 
points of the railway-car bearing, brings to light some very 
interesting comparisons. For example, in the case of the 5!/2 
X 10-in. journal bearing supporting a total load of 16,375 lb, 
we find that the total bearing area could be a maximum of 45 
sq in. If we applied the author’s method of calculating pro- 
jected area for arriving and the value P, pressure in lb per in., 
this area would be 491/2sqin. But on account of the fact that the 
bearing is an arc of less than 180 deg, the area can never exceed 
45 sq in. 

With this area of 45 sq in. and the total load of 16,375 lb, P, 
the pressure in lb per sq in., is 364 lb. V, the rubbing speed in 
feet per minute, has a value of 1341/, fpm at 10 mph, and 941.5 
fpm at 70 mph of a 36-in. car wheel with a 5'/, X 10-in. journal. 
Under this comparison, the bearing would fall in the group of 
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-stationary-engine bearings at 10 mph, and in the group in which 
it is shown, railway cars, at 30 mph and above. 
; | This bearing with 45 sq in. and a unit load of 364 Ib per sq in. 
-at 10 mph has a coefficient of friction of 0.00610. Expressed in 
another way, it offers a rolling resistance of 1.86 lb per ton. 
- This same bearing by special construction limited to a crown area 
or bearing area of 221/2 in., or a unit load of 728 lb per sq in. at 
a speed 70 mph with a Poleciy of 941.5 fpm, has a coefficient of 
friction of 0. 00449, or a rolling resistance of 1.38 lb per ton. This 
ee under its high loads and high speeds would then fall 
vin the class of gas-engine main bearings on the chart of the au- 
| thor’s Fig. 1. Under both conditions cited, the performance of 
the journal bearing is not a limiting factor in the operation of the 
4 unit equipment of which it is a part. 

The above comparison by no means represents extremes. 
The same car-journal bearing may have to operate at pressures 
as low as 100 lb per sq in. and at journal velocities under 134 
-fpm. Under another condition it may operate in excess of 

1000 lb per sq in. and at journal speeds of 1000 fpm or any com- 
bination of the two. Whereas, in all other groups of bearings 
illustrated in Fig. 1, the bearings operate under more or less 


constant loads at constant journal speeds. 
i) 


! PF. P. Dantsrrom.* In the determination of bearing capaci- 
ties and clearances we have profited much by the study of papers 
and bibliographies submitted to the Society by the members of 
the A.S.M.E. Special Research Committee on Lubrication. In 
addition, we should also include those submitted by the indi- 
vidual members to other publications, for example, the S.A.#. 
Journal, and the Bulletins of the Pennsylvania State College. 

It is realized that most of the papers so mentioned deal with 
hydrodynamic principles of bearing operation, that is, with con- 
ditions which occur when the shaft is rotating in its bearing. 

While much has been done in the study of boundary conditions 
of lubrication, in which the phenomena are determined solely 
iby the nature of the lubricant and the component bearing ma- 
terials, the results cannot yet be used by those who design 
industrial bearings. For example, regardless of the intrinsic 

lubricating value of many lubricants, we are limited in the case 
of automobile, Diesel-engine, turbine, and rolling-mill bearings 
to the use of an oil that is stable and that will separate readily 
from water. So far as the writer knows, the only available 
lubricant which meets this requirement is a highly refined mineral 
oil. 

In determining the safe carrying capacities of bearings we 
‘agree with many other designers that the minimum oil-film 
thickness is the important criterion. Methods of its calculation 
have been used by us based on the data submitted by Professor 
Karelitz and the members of Mr. Kingsbury’s organization. 

From the design data which has been submitted, we note that 
in many cases the clearance ratio varies from 0.001 to 0.002. 
These values are the result of many years of experience. From 
calculations which we had made of minimum oil-film thickness re- 
sulting from various clearance ratios it seems that the clearance 
ratios noted are also justified by theory. 

Having established a clearance ratio (and assuming that the 
cusual L/D ratio is 1) our bearings are now geometrically similar. 

‘This statement leads logically to the pioneer work of M.D. 
Hersey in which he showed that the performance of geometrically 
similar bearings could be compared by a characteristic number now 
‘recognized as ZN/P. Subsequent careful work by 8. A. McKee 
and T. R. McKee at the Bureau of Standards showed consistently 
that the breakdown of the oil film occurs when the value of 
ZN/P is less than a certain amount. The actual value in part 
depends on the bearing metal used and may be 5, or less. In 
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determining the safe carrying capacity of a bearing it seems 
reasonable to state that the minimum oil-film thickness will 
be sufficiently large if the operating characteristic ZN/P is 
greater than 10, where Z is the viscosity in centipoises, N the 
speed in revolutions per minute and P the unit bearing pressure 
in pounds per square inch of projected area. 

As one possible suggestion for future work: In so far as the 
hydrodynamic theory of lubrication of journal bearings is con- 
cerned all investigators are dealing with the same phenomenon, 
that is, one cylinder rotating within another. It would thus 
seem that several of the results of experimental work done to 
date might still be further correlated. (After hearing the papers 
and discussions presented at the 1934 A.S.M.E. annual meeting, 
the writer realizes that this is considered important by others.) 
As an example of what is meant, the writer calculated the theo- 
retical eccentricity of a journal bearing for various values of 
ZN/P. For each value of eccentricity the frictional resistance 
of the bearing was next estimated. A curve of coefficient of 
friction vs. ZN/P was then plotted and this curve much re- 
sembled those obtained experimentally by 8. A. and T. R. McKee. 

In presenting the chart shown in Fig. 1, Mr. Howarth has given 
the engineer a very useful tool for checking his bearing designs. 

The values of P and V for a given condition are first located 
on the chart and from this located point a diagonal line is ex- 
tended to the scale for Mr. Kingsbury’s optimum conditions. 
One interesting conclusion is now apparent. Having established 
the optimum condition, the value of V can be altered at will, 
and if we alter the value of P accordingly, the points so obtained 
will lie in the same diagonal line. This means that for any 
given optimum condition the capacity of a bearing is proportional 
to, that is, it increases with, the speed. 

The diagonal lines in the chart which give the product of P 
and V are at right angles to the construction line noted for deter- 
mining optimum conditions. This means that if P X V is as- 
sumed to be constant, the capacity of a bearing decreases with 
the speed. 

This second statement is directly opposite to the first. Mr. 
Howarth has stated in his paper that the PV rule by itself has 
little to recommend it. 

The rule, PV = a constant, was proposed by Thurston seventy 
years ago. Thurston’s constant, 60,000, was based on a bear- 
ing coefficient of friction 0.10. Thus, the formula means that, 
with a constant load, the size of the bearing must be increased 
as the speed is increased in order to dissipate the heat developed, 
and, judging from the coefficient of friction, the formula is not 
one for designing bearings, but really is one for designing brake- 
shoes. 

The chart which Mr. Howarth has shown, which is obviously 
the result of much study, will be of much value to us in design- 
ing lubricated bearings. 


Grorce B. Kareuirz.7?’ Mr. Howarth undertook a formid- 
able task, indeed, in attempting to collect and correlate the bear- 
ing practice of manufacturers of various types of machinery. It 
is interesting to note that experience, as well as trial-and-error 
method which have prevailed in designing bearings, often brought 
results in agreement with those which might be recommended on 
the basis of the hydrodynamic theory. For instance, the rule 
making the clearance in high-speed bearings equal to 0.002D was 
established by practice. It can be observed from data on friction 
that with an increase of clearance the friction decreases substan- 
tially up to a clearance value of 0.002D, after which the gains in 
friction are not great; at the same time, the minimum oil-film 
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thickness does not vary appreciably with the ratio of the clear- 
ance to diameter in the range from 0.001 to 0.002. 

Referring to Table 5 in the paper, on the basis of the computa- 
tions given by Boswall, and side-leakage correction factor by 
Michell, a convenient formula for minimum oil-film thickness in 
thrust bearings can be derived: 


where ho is the minimum film thickness in in. 
u is the absolute viscosity of oil in lb sec per sq in. 
U_ is the surface speed in in. per sec 
1 is the length of shoe in in. 
P is the load in lb per sq in. of shoe 


This formula is in close agreement with film-thickness values 
given in Table 5. 

Referring to the desirable practice of selecting oils by absolute 
viscosity rather than by commercial viscosity, it will be necessary 
to produce first a reliable and simple instrument to measure the 
absolute viscosity. The latest attempt to bring such an instru- 
ment on the market was described in The Engineer (London) 
vol. 158, July 27, 1934, p. 95. However, until an instrument 
comparable in simplicity to a Saybolt viscosimeter is available, 
a serious and practical obstacle will stand in the way of abolish- 
ing the Saybolt viscosities. 


Everett M. Barper.? Mr. Howarth has assembled a wealth 
of useful and practical data on bearing design and practice. In 
Fig. 1, he has so correlated these practical data with the hydro- 
dynamical theory of lubrication that it is possible to deter- 
mine the bearing proportions and oil viscosity that are required 
to give optimum bearing performance over a wide range of load 
and speed conditions. 

The selection of a lubricant that will have the proper viscosity 
at the running temperature of the bearing is of fundamental 
importance in the application of these data. To aid in this 
selection, the author has provided a very satisfactory method 
of obtaining the commercial viscosity specifications for the 
lubricant when the required absolute viscosity and the running 
temperature of the bearing are known. The required absolute 
viscosity is readily obtained from the author’s Fig. 1. However, 
the running temperature of the bearing, i.e., the temperature at 
which the lubricant must have this viscosity, must be obtained 
from direct measurements on the bearing in question, or from 
experience with other similar bearings. 

In speaking of the viscosity corresponding to the running 
temperature of the bearing, the author, of course, means the 
viscosity corresponding to the temperature existing in the load- 
carrying oil film in the clearance space between the bearing and 
the journal. This temperature is difficult to measure. However, 
it is the temperature at which the lubricant is used; and if reli- 
able results are to be obtained, it is important that the oil 
viscosity be chosen so that it will correspond to this temperature. 

Several years ago while engaged in a lubrication-research 
project at the Engineering Experiment Station of the Pennsyl- 
vania State College, the writer attempted to measure the tem- 
perature in the oil film of an experimental bearing.’ Two 
methods of temperature measurement were employed, as follows: 

(1) A  copper-constantan thermocouple, insulated in a 
bakelite plug, was placed in the bearing so that the junction of 
the couple was flush with the babbitt surface of the bearing. In 
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# “Investigation of Journal Bearing Performance,’’ by E. M. Barber 
and C. C. Davenport, Bulletin No. 42, The Pennsylvania State College. 
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fact, the plug which was */,.in. in diameter, and the thermocouple 
bead which was bedded into the face of it, formed a part of the 
bearing surface. 

(2) A mercury thermometer was inserted in an oil-filled 
thermometer well which was so placed that the bulb of the 
thermometer was about 5/15 in. from the babbitt surface of the 
bearing. 


Thermocouple Bead 
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with Bearing Surface 
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Fig. 2 TeMpERATURE MEASURED BY THE THERMOCOUPLE PLOTTED 
AGAINST THE CIRCUMFERENTIAL PosITION AT WHICH 
THE TEMPERATURE MEASUREMENTS WERE MADE 


(The temperature was measured by a copper-constantan thermocouple in- 

sulated in a bakelite plug in the test bearing. Viscosity of test oil: 320 

Saybolt sec at 100 F; 48 Saybolt sec at 210 F; A.P.I. gravity 22.6 at 60 F. 
Speed, 200 rpm.) 
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TABLE 1 COMPARISON OF TEMPERATURES AND CORRESPONDING VISCOSITIES MEASURED BY THE THERMOMETE 
AND THERMOCOUPLE IN THE TEST BEARING UNDER A WIDE RANGE OF OPERATING CONDITIONS < 


_ Test number 1 2 3 4 5 6 7 8 9 10 11 12 
Speed (rpm) 800 800 800 800 1600 1600 1600 1600 2400 2400 2400 2400 
‘Load (lb/sq in. of projected area) 109 160 209 281 106 127 188 244 109 170 224 285 
Eccentricity factor 0.798 0.855 0.880 0.915 0.770 0.825 0.859 0.880 0.750 0.787 0.817 0.862 
_ Thermocouple temp: 
: Leading edge, F 100 101 102 103 119 115 120 124 121 123 123.5 126 
Trailing edge, F 113 115 116 117 128 125 131 139 133 135 138.0 142 
Viscosity corresponding to thermocouple temp: 
Leading edge (centipoises) 64.5 63.8 62.5 59.0 36.0 40.2 35.0 32.0 34.5 33.0 33.5 29.0 
Trailing edge (centipoises) ‘. 59.0 54.3 53.5 50.6 28.3 30.5 26.0 21.5 25.0), 28.0! 22.0 19.9 
“Average of viscosity at leading and trailing edges 6178 5950" 58.0 54.8 32.2 35.4 30.5 26.8 29.8 28.0 27.8 24.4 
Temperature measured by thermometer, F 96 96.5 96.5 97 114 107 116 115 115 115 113 117 
Viscosity corresponding to thermometer reading (s1Ommioeoe 73.5 %2.0 42:0) “52.5 3900) 4175 41°35 41:55 43.8 ~38:0 
Excess viscosity corresponding to thermometer over aver- 
age viscosity corresponding to thermocouple, per cent Io weeteo 26.7 31.4. S1.7 48:3 27:9 54.8 39.3. 48:3 57.6 55.7 


| 
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Fig. 1. 


A schematic diagram of the bearing is shown in the writer’s 
The enlarged insert shows the arrangement of the 


thermocouple. The position of the thermometer well is also 


-indicated. The bearing itself was a cylindrical steel shell lined 


P 


with babbitt, with the principal dimensions shown. 
Except for the circumferential grooves to which the oil was 
supplied at either end, the bearing surface was plain. The 


- bearing was so arranged that it could be moved circumferentially 


without releasing the load, and being a plain cylinder, it always 
presented substantially the same surface to the load. With this 


arrangement it was possible to obtain a complete circumferential 


; 


/traverse of the oil-film temperatures with the one thermocouple. 

In the writer’s Fig. 2 are shown several of the curves of tem- 
perature (as measured by the thermocouple) plotted against 
the circumferential position at which the temperature measure- 
ments were made. It will be noted that around the arc of the 
pressure-carrying oil film there was a very marked and steady 
increase in temperature. This temperature increase was, of 
course, due to the cumulative heating effect of the work of fric- 
tion as the oil was carried through the clearance space. On the 
“off,” or unloaded, side of the bearing the oil was cooled to the 
inlet temperature again by mixing with fresh oil from the supply 
grooves. 

As the thermocouple was moved from position to position 


around the bearing in 10-degree increments, the temperature 


change recorded by the thermocouple was as nearly instantaneous 


as it was possible to balance the potentiometer, and over a period 


of as much as thirty minutes the reading for any given position 
did not change appreciably. 

In view of this responsiveness and steadiness of the readings, it 
is believed that the thermocouple was adequately insulated from 
the surrounding bearing shell and recorded very nearly the oil- 
film temperature. Obviously, this method could not measure 
the temperature gradient from the surface of the bearing to the 
surface of the journal. However, it apparently measured a 
temperature that was a reasonable average of the film tempera- 
ture at each point around the circumference of the bearing. 

Table 1 gives a summary of similar measurements made at 
speeds of 800, 1600, and 2400 rpm, with loads of about 100 to 300 
Ib per sq in. of projected bearing area. Texaco Regal Oil C, 
having a viscosity of 320 sec at 100 F; 48 sec at 210 F; and an 
A.P.I. gravity of 22.6 deg at 60 F, was used in all tests. In 
addition to the test conditions, the table gives the inlet and 


- outlet (of the load-carrying oil film) temperature and the corre- 


sponding viscosity and the numerical average of the inlet and 


_ outlet viscosity. It.also gives the temperature as measured by 


the thermometer, and the corresponding viscosity. The final 
line gives in percentage the amount by which the viscosity corre- 
sponding to thermometer reading exceeds the average viscosity 
as measured by the thermocouple. 


R. O. Boswall'® has shown that the error introduced by assum- 


10 Theory of Film Lubrication,’’ by R. O. Boswall, Longmans 


Green & Co., New York. 


ing a constant viscosity equal to the numerical average of the 
inlet and the outlet is negligible. Therefore, the percentages 
which are listed in the last line of Table 1 represent the error that 
would have been involved in the viscosity measurement had the 
viscosity been taken as that corresponding to the temperature 
measured by the thermometer. 

An extremely high degree of accuracy in measuring the viscosity 
of the lubricant in the oil film is not essential because the film 
thickness and the coefficient of friction do not vary directly as 
the first power of the viscosity, but, as the author’s figures indi- 
cate, to a considerably less important extent. However, the 
differences of 20 to 60 per cent between the viscosity measured as 
that corresponding to the temperature recorded by a mercury 
thermometer placed very close to the bearing surface, and the 
average of the inlet and outlet viscosities corresponding to the 
temperatures as measured by the thermocouple, represent a sig- 
nificant difference. These data indicate that it probably is not 
satisfactory merely to stick a thermometer in the oil reservoir or 
against the bearing shell, as is frequently done, and call the read- 
ing so obtained the running temperature of the bearing. 

The temperature measurements made by the thermocouple at 
the leading and trailing edges of the load-carrying oil film in this 
experimental bearing should correspond to the oil temperatures 
that occur in the chamfered reliefs usually placed at the leading 
and trailing ends of commercial bearings. In this case the aver- 
age viscosity of the oil film could be taken as equal to the numeri- 
cal average of the viscosities corresponding to the temperatures 
measured at these points. The writer has no data on this point 
and it is offered merely as a possible satisfactory procedure. 

In Figs. 1 and 3 of Mr. Howarth’s paper, he has produced a very 
useful and practical tool for bearing designers and lubrication 
engineers and his definition of bearing running temperature and a 
satisfactory method of measuring it should be of considerable 
interest to those who desire to apply these data to practical bear- 
ing problems. 


R. J. S. Praorr.1! The writer has read with a great deal of 
Rae this further valuable contribution on bearing lubrica- 
tion. Engineering, as a whole, is as yet too largely an empirical, 
rather than rational, branch of science, and the design of bear- 
ings has hitherto been one of the worst cases of empirical methods. 

When we consider that the behavior of bearings is influenced 
by length, diameter ratio, clearance, speed, location of oil feed, 
quantity of oil, viscosity, load, misalignment, and last, but by no 
means least, heat-removal by other means than the lubricant, 
the complexity of analytical methods is apparent, particularly 
since none of the factors is completely independent of one or more 
of the others. 

The writer has been convinced for some time that the mere 
use of pressure and rubbing speed was a relatively loose and in- 
complete criterion, the use of a friction coefficient even worse; in 
fact, often quite misleading. It is always useless to predicate the 


11 Staff Engineer, in charge of Engineering, Gulf Research & 
Development Corporation, Pittsburgh, Pa. Mem. A.S.M.E. 
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design of any engineering device on two factors, when six or eight 
are involved. For example, it was customary, for a century, to 
treat pipe flow as a function of velocity and size only; conse- 
quently water, steam, gas and air formulas all differed, and there 
was no correlation. Reynolds’ basic contribution was neglected 
for thirty years, and then swept the field. By taking into account 
density, viscosity, and finally roughness, we can now use a single 
formula for any fluid from molasses to hydrogen. 

The writer had occasion to attempt the direct computation of 
liquid leakage and friction in rotary pumps and motors. Many of 
the cases involve conditions very similar to those in oil-film bear- 
ings. ‘The results were so close to test performance that the latter 
can be predicted from a paper design within one or two per cent of 
the actual test. Much of the work will prove useful in bearing 
analysis. 

We have also carried out analyses and tests in the laboratory 
on flow from a point source to a surrounding field edge, and the re- 
sults of this work will ultimately be available for analysis of the 
effect of oil feeds and grooves. 

It is clear that the rationalization of bearing design must come 
along the path taken by Mr. Kingsbury, Mr. Howarth, and their 
associates. But to render the final development authoritative 
and beyond question, it seems to the writer that we must have one 
more device—a bearing- and lubricant-testing machine that will 
test actual bearings, and yield results that do not require inter- 
pretation or extrapolation. The fault that may be found with 
most testing machines so far used is that they use idealized bear- 
ings or sometimes a structure not even faintly resembling a bear- 
ing; in many cases, results on one machine do not agree with 
those on another. Another objection is that none of the machines 
permits a real pressure, temperature, or leakage search; many do 
not even give journal displacement. We are developing a ma- 
chine that we hope will overcome these disadvantages. 

Mr. Howarth should not only be congratulated, he should be 
heartily thanked, for another valuable study of the subject. 


A. F. Unpperwoop.! The collected material that is presented 
in Mr. Howarth’s paper is interesting in that it shows the lack of 
uniform bearing design. This may be a necessity when it comes 
to actual bearings in practice because our experience has shown 
that bearings which do not conform to the best theoretical de- 
signs often run better than when mathematically correct. We do 
not mean to imply that the theory should be neglected but rather 
that it is best used as an indicator, especially in the design of new 
bearings. As a specific example, theory shows that the bearing 
should be rigid to maintain the correct C/D ratio. Yet it is well 
known that the flexible cap of an automobile-engine connecting 
rod will sustain a much higher load than the upper half of the rod 
which is much more rigid. The reason for this apparent anomaly 
is that, in the case of the cap, the oil film is distributed over a 
larger area of babbitt, thereby increasing the fatigue life of the 
material. 

In spite of the nearly universal use of the pressure-velocity 
factor for bearing design, it is not a criterion of bearing perform- 
ance. It does become a measure of the heat loss in a bearing if it is 
in turn multiplied by the coefficient of friction. A number of fac- 
tors affect the coefficient of friction, and, unless these factors all 
balance so as to give comparable values of coefficient of friction, 
the use of the pressure-velocity factor in bearing design may be 
very misleading. 


AuUTHOR’s CLOSURE 


In addition to the distortion of bearing surfaces by loading 


conditions, as pointed out by Mr. Dall, there is the distortion 
a 

12 Power Plant Section, Research Division, General Motors Cor- 
poration, Detroit, Mich. 
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caused by temperature change. With this in mind, Mr. Dall’s 
three considerations which influence one’s choice of minimum 
film thickness become (1) initial perfection, (2) subsequent 
distortion, and (3) durability. . 

Durability depends upon careful application of the lubricant 
and the protection of the bearing films against injury and con- 
tamination which obviously means that laboratory conditions 
must be realized in service. In other words, the bearings 
must be made fool-proof. 

Several interesting comments offered by Mr. Kuhns include 
definite additions to the author’s chartable data. With re- 
gard to the specification of lubricating oils, the author indorses 
Mr. Kuhns’ hope that sometime it will be easier to obtain oil 
by simple description instead of by brand name. The 8.A.E. 
numbers which he mentions are a step in the right direction 
but they do not go far enough. These numbers are given in 
Fig. 3 of this discussion, which has been revised from Fig. 7 
of the paper, to cover the range needed to show the S.A.E. winter 
oils 10-W and 20-W. Further refinements are inevitable in the 
description of oils by numbers that have a real meaning. The 
addition of 10-W and 20-W to the S.A.E. numbers is but a step 
in that direction. 

Mr. Pearce has given useful data that may well be added to 
that already charted. The author’s use of the projected area 
of the journal as a basis of comparison for journal bearings was 
based upon its simplicity. No simple basis of comparison would 
afford an absolutely true picture of the facts, because of the 
variety of angular reactions of the bearing films to the journal 
for different bearing arcs, and because of pressure variations 
throughout the film. Hence, it is believed by the author that 
as long as the bearing-arc limitations are kept in mind for each 
class of bearing, the simpler method of tabulation is the better 
one to use. 

The friction coefficients given by Mr. Pearce seem to include 
also the rolling friction of the wheel on the rail, if the author 
interprets correctly the statement, ‘Expressed in another way, 
it offers a rolling resistance of 1.86 Ib per ton.” If such is the 
case, direct comparisons with optimum bearing conditions are 
difficult to make. 

The wide variation in operating load upon a bearing is not 
limited to the railroad field. It is found in every machine tool 
in which the rate of material removal is inconstant. In fact, 
in a machine tool the bearings are subjected to greater variation 
of load than in a rail car because while the latter has the mini- 
mum though considerable dead weight of the car body, bearings 
in a machine tool carry loads that are almost wholly due to the 
working process undertaken, which vary from zero to the maxi- 
mum. For these reasons the tabulation of data is made on the 
basis of the normal operating loads the bearings are designed to 
carry. 

The author appreciates the value of plotting test results on 
the basis of ZN/P as suggested by Mr. Dahlstrom, who recog- 
nizes Mr. Hersey as having pointed out the value of such a 
combined variable in 1915. Mr. Kingsbury* has given definite 
optimum ratios of the friction coefficient \ to a similar com- 
bined variable ./(uN/Po) for each of his bearings. These 
range from 0.45 to 0.53 for clearance bearings with ares varying 
from 60 to 120 deg. Transforming the » to Z will give ratios 
of \/./(ZN/P) for optimum bearings, lying between 2.3 and 


2.8 X 10-4 when corrected for side leakage under the assumptions | 


that the bearings are square, i.e., the length is equal to the width. 
Out of this ratio we cannot obtain any useful low points for 
reference, but merely a straight line extending to the origin, 
unless we select a clearance ratio or a minimum film thickness 
with relation to journal diameter. Proceeding to do this, we 
find that the value of the friction coefficient for the square 
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(A revision of Fig. 7 of the pePee extended to include all the S.A.E. numbers now in use. 


The intersections for determining the location of the dot-and- 


bh lines were calculated mathematically as against a graphical method employed in Fig. 7.) 


bearing for optimum conditions will be from 2.4 to 3.0 times the 
clearance ratio. Hence, there is no theoretical bar to the coef- 
ficient of friction reaching zero. 

Therefore, when a limit is arbitrarily placed upon the value of 
ZN/P, below which we dare not go, or are unable to go, we admit 
that there is a similar limit in the perfection of workmanship 
that is practicable or possible. The author, therefore, believes 
that it is wise to face the whole problem at once, and not to over- 
rate the correlation of data on charts, the coordinates of which 
are merely the coefficients of friction \ and the combined variable 
ZN/P. The clearance ratio must be known to properly interpret 
such data. 

A formula for minimum film thickness, such as derived by 
Professor Karelitz from works of Michell and of Boswall for flat 
surfaces, can be deduced readily for clearance or fitted journal 
bearings from symbol groups No. 10 published in Mr. Kingsbury’s 
“Optimum Conditions in Journal Bearings.”* A proper con- 
stant or series of constants, if more than one be needed, for de- 
termining desirable actual minima, must be based on experience. 
Mr. Kingsbury’s experience with his thrust bearings yields the 
minimum film-thickness values which are given in Table 5 of 


- the paper. 


The point stressed by Mr. Barber is an important one and 
requires considerable space for its complete discussion. It was 


this fact that led the author to limit the paper to the relation of 


load and friction to the mean viscosity of the film. This was 
a definite step forward and it did not seem wise to try to cover 
adequately at this time the variations of viscosity throughout 
the grooves and baths of bearings. 

The experiments to which Mr. Barber refers were made with a 
shell designed to simulate the lubrication conditions in a full 
bearing so far as they can be brought about in a finite bearing 
operating in an atmosphere of moderate pressure. The shell 
was designed to explore the distribution of pressures and tem- 
peratures and the shore lines of the film natural to such a bearing. 
Hence, it would be difficult to apply the results reliably to a 
partial bearing formed between two oil channels. These chan- 
nels can be used for cooling the bearing, or merely for oil supply, 
when the cooling is done by water or by conduction to the air. 
Hence it would be better to seek more comparable temperature- 
distribution data by experimenting on shells designed to operate 
like those of the bearings in the machine that is subject to in- 
vestigation. 

The machine that Mr. Pigott mentions as being developed by 
the Gulf Research and Development Company will be studied 
with great interest by bearing engineers when it is ready for the 
market. Resulting from the experience possessed by Mr. 
Pigott and others of his company, it is to be expected that this 
will not be “just one more machine” to be set aside as inadequate. 

The statement of Mr. Underwood that a connecting-rod cap 
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(A revision of Fig. 6 of the paper extended to include all the S.A.E. numbers now in use. 


A mathematical, rather than a graphical method was also em- 


ployed for determining the scales of this figure.) 


carries load better than the stiffer part backed by the rod is 
quite interesting. The difference may be due partly to better 
alignment and partly to the hammock-like surface it presents to 
the pin. This suggests that a better rod design might be one 
with a head consisting of two caps held to the rod with a pair of 
bolts. 

In addition to Fig. 3 of this discussion, offered by the author 
to extend the range of Fig. 7 of the paper to include all the S.A.E. 
numbers now used, there is also offered a revision of Fig. 6 of 
the paper. This new chart, Fig. 4 of this discussion, covers the 
same field as Fig. 3 of the discussion, and has been revised, as 
was the latter, to be more accurate than the original. The 
intersections which determine the locations of the dot-and-dash 
lines of Fig. 7, and thereby the special scales of Fig. 6, were 
located graphically, and were, therefore, subject to minor errors 
because of near parallelism. Therefore, a more accurate way 
of locating them was sought with the result that J. F. Spiegel, 
one of our engineers, evolved a mathematical method for calcu- 
lating the intersections that is much more accurate than the 
graphical method. The redetermination of these intersections 
occupied a number of weeks. The results, however, warranted 
the time expended because Fig. 3 and Fig. 4 of this discussion 
are apt to be widely used. This seems reason enough for repeat- 
ingithem. Obviously, if the paper is ever rewritten only the 
better set of charts need be included. 


Tractive Effort of Steam Locomotives 
(Locomotive Ratios—IT)" 


A Grest-Gresuincen.? It is gratifying that Dr. Lipetz in 
response to the discussion evoked by his paper of two years ago,® 
has furthered the development of his method for evaluating 
locomotive tractive effort in order to make it adaptable to 
cylinders with widely varying proportions. The earlier paper® 
stated that his method was suited to locomotives of normal 
modern proportions and, assuming only limited fluctuations in 
relative dimensions of boiler and machinery, a single curve of 
moduli was developed to answer this stated purpose. 

Meanwhile, locomotives have been cited which, with relation 
to boiler capacity, have cylinders that are as much as, or more 
than, 50 per cent larger than those upon which the curves in the 
earlier paper? were based. In the paper being discussed, Dr. 
Lipetz established correction curves in order to accommodate such 
eases. The writer fully endorses the use of a standard curve of 
moduli for locomotives with normal cylinder proportions, and of 


1 Published as paper RR-56-6, by A. I. Lipetz, in the December, 
1934, issue of the A.S.M.E. Transactions. 

2 Assoc-Mem. A.S.M.E. New York, N. Y. 

3 “Horsepower and Tractive Effort of Steam Locomotiy es’’ (Loco- 
motive Ratios), by A. I. Lipetz, Trans. A.S.M.E., vol. 55, 1933, 
paper RR-55-2, p. 5. 
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correction curves expressing the deviations in case cylinders of 
other proportions are provided. However, he suggests some 
changes in the author’s curves. 

The author’s Fig. 5 shows his correction curves as a function 
of the locomotive characteristic K, which established a yardstick 
for the relation between boiler capacity and cylinder size. (See 
author’s Equation [10].) It is obvious that larger cylinders 
mean a smaller value of K. The author assumes that no cor- 


‘rections should be applied for values of K equal to 14.26 and 


over, but if the cylinders are enlarged so as to result in values of 
K smaller than 14.26, then his corrections begin and rise very 
sharply at first and then at a diminished rate. This is not 
logical. 

To better illustrate the case, reference is made to the writer’s 
accompanying Fig. 1 which was drawn for the New York Central 
4-6-4 type locomotive, class J-1. In this graph, the abscissa shows 
the values of K, each point corresponding to a certain cylinder 
volume and K = 15.28 corresponding to the locomotive’s actual 
cylinder of 25in. diameter. The heavy line indicates the Lipetz 
correction curve for 50rpm. According to Dr. Lipetz we can now 
enlarge the cylinders until K = 14.26 and d = 25.9 in., with- 
out having to apply any correction to tractive power or per- 
formance. But if we increase the diameter only 1/2 in. further 
to 26.4 in., tractive power according to the author should jump 
6.7 per cent for 50 rpm. 

We are also allowed to assume a smaller cylinder, perhaps 
equaling the proportions of locomotive No. 1 in the author’s 
Table 4 for which K = 16.88. Therefore, d = 23.8 and, 
according to the author, no correction would be applied. If we 
would now enlarge the cylinder again, the author’s correction 
curve for 50 rpm would imply that a diameter increase of 2.1 in. 
(a volume increase of 18.5 per cent) will not influence tractive 
power, but if we add another 2.1 in., reaching 28-in. diam, tractive 
power will jump 16 per cent. This is clearly impossible. The 
correction curve cannot have an edge at K = 14.26 but must be 
a smooth curve of some kind and, if K = 14.26 actually charac- 
terizes the cylinder proportions for which the 1932 moduli are 
valid, the proper correction curve will cross the zero line at that 
point as indicated by the tentative broken line for m = 50 rpm. 

How large shall the correction be for any point where K 
differs from 14.26? In his 1932 paper® the author develops 
his method by first obtaining a curve of steam production vary- 
ing with revolutions per minute in accordance with well established 
(even though not quite undisputed) experience, and then ob- 


taining horsepower and tractive effort by establishing a curve of 


steam consumption per indicated horsepower-hour also drawn 
against revolutions per minute. These two curves were then 
combined into one representing the Lipetz moduli. The as- 
sumption of a definite figure for steam consumption per indicated 
horsepower-hour at a given speed implies (among other things) 
that there is, for each given number of revolutions per minute, 
a definite relation between the volume of the consumed steam 


and cylinder volume; this will be the case if K = oe is the 
same for all engines. If an engine has larger cylinders, then a 
smaller cut-off must be used to consume the given steam volume 
and, at least at moderate speeds, better utilization of the steam 
and higher output will result. The amount of steam generated 
by the boiler is practically uninfluenced by cylinder size, and if 
we do not wilfully change the basic curve of steam production 
established in the 1932 paper,’ then the changing rate of steam 
consumption per indicated horsepower-hour is the only factor 
determining the correction curves for the Lipetz moduli. It is 
interesting to note that the Kiesel formulas as presented by Mr. 
Vincent in his discussion of the 1932 paper give a very good 
answer to this problem: by a simple transformation of the KV- 
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formulas and by making Py const. 506, we can write the KV- 
formula in the following form: 


HH 
Cs = 13.9 + 58:9 ——— 
“ VPin 


where C; is the steam consumption (excluding auxiliaries), lb 
per ihp-hr; 4H is the boiler steam available for the cylinders, 
Ib per hr; V is the combined volume of all cylinders, cu ft; 
P, is the boiler pressure minus 10 lb; and, n is the speed, rpm. 
If we substitute 96 per cent of the boiler pressure for P, and the 
denominations used by Dr. Lipetz, then we obtain 


Ci; = 13.9 + 61.3 
m Vpn 


E 
where vn corresponds to the locomotive characteristic K 
P 


established by Dr. Lipetz. Within the scope of the Lipetz 
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moduli, the KV-formula for steam consumption so developed 
very well represents the trend of steam consumption for varying 
factors on the right side of the equation, and it is helpful in 
calculating the correction curves for the Lipetz moduli. Thus, 
correction curves for 50, 100, and 200 rpm are tentatively shown 
in Fig. 1 of this discussion. A tentative curve for 400 rpm is 
illustrated as an example to indicate that the trend will be re- 
versed at very high speeds; this region is, however, entirely out- 
side of the scope of both the present Lipetz moduli and the 
KYV-formula. 

Dr. Lipetz, in his present paper, does not limit himself to 
corrections derived from the changes in the rate of steam con- 
sumption. He applies much greater corrections at low speed 
(50 rpm), arbitrarily chosen to suit the performance curves 
presented by Mr. Vincent. Thus, for locomotives with large 
cylinders he abandons the boiler evaporation curve used as a 
basis in his 1932 paper, and leaves us without a clue as to what 
is expected from the boiler at low speed, except for saying that 
the boiler has to be “forced.”” The explanation for this forcing 
as given on page 926 of the author’s paper is purely psycho- 
logical: it is claimed that the engineer is induced to force the 
boiler at low speeds. But certainly there is no necessity of 
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forcing it because the cut-off could be shortened sufficiently, 
just as rather small cylinders will permit forcing at higher speeds 
if the engineer should choose to lengthen the cut-off. To clear 
up this confusing situation we have to go back to the premises 
in the author’s 1932 paper wherein Dr. Lipetz defined his per- 
formance curves as those obtained when a good engineer pilots 
the engine so as to develop a “reasonable maximum” performance. 
Later he determined overall thermal efficiency for such a case 
and found that it lay in the neighborhood of 6 per cent over the 
whole range of speed. This gave the reasonable result that an 
engine crew operating a locomotive at a good high rate without 
overstraining it, deriving its judgment from such observations 
as: ease in holding the steam pressure, clearness of the stack 
gases, sound of the exhaust, etc., is operating it at a fairly con- 
stant rate of overall efficiency. Under these conditions an 
average curve of steam production is obtained which at low 
speeds (50 rpm) remains considerably under the figures which 
hold at higher speeds (200 rpm), not as an absolute necessity 
perhaps, but as a good practical result in average cases. By 
taking such an average evaporation curve as a function of 
revolutions per minute and relating it to the Cole evaporation, 
a definite basis of steam production is obtained, to be used 
uniformly for all locomotives with modern boilers. This method 
is very practical. Two different locomotives can be compared 
on such a basis because it is known how much steam each one is 
expected to generate, and if one of them should fall short of 
power it is possible to determine whether the fault lies with the 
boiler or with the steam engine. 

With the author’s 1934 correction curves, this important 
advantage has been lost. Each cylinder size, for values of K 
less than 14.26, implies a different and unknown rate of steam 
production; even though correction curves for the corresponding 
steam production could be established, our basis of comparison 
would become too involved to be practical. Moreover, the sup- 
position is now that steam engine and boiler are working at a 
“forced” rate at low speeds while they are working at a “‘reason- 
able” rate at high speeds. There is none or only a small reserve 
capacity at low speeds and 15 to 20 per cent reserve capacity 
at high speeds, while with the 1932 basis of a definite evaporation 
curve we knew that we had the reserve capacity over the whole 
range of speed. 

That the engine crew is “induced” to work the boiler harder 
if the locomotive has larger cylinders is true to a limited degree, 
but this applies to the whole range of speed. Even if this 
influence were of any importance we had better neglect it 
in order not to upset our basis of comparison. But there cer- 
tainly cannot be an inducement for the engineer to operate the 
larger cylinder with an even greater cut-off than the smaller 
cylinder as implied by the author’s correction curve for n = 
50; see Fig. 1 of this discussion. It is seen therefrom that a 
3.8 per cent increase in cylinder volume (from d = 25.9 in. to 
26.4 in.) can give the 6.7 per cent increase in performance cor- 
responding to the author’s curve only if the cut-off for the larger 
cylinder is lengthened by about 3 or 4 per cent, which is not 
logical. The author’s corrections in the neighborhood of n 
= 50 have apparently been brought about by the desire to suit 
the performance curves presented by Mr. Vincent. This, how- 
ever, was not necessary because we knew that the Vincent curves 
correspond to a state of greater forcing with small or no reserve 
capacity over the whole range of speed. Incidentally, this is 
brought out well by the author’s example of the Boston & 
Albany locomotive. If the new correction curves would be 
applied to it, the calculated performance at n = 50 would be 
15 per cent over the road performance and therefore excessive. 
Dr. lsipetz explains that since this engine has 60 per cent limited 
cut-off the cylinders could be called about normal, although K 
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= 12.27, and he indicates that no correction should be applied. 
But since he applies the full correction to the Pennsylvania 
Class I-1s locomotive with only 55 per cent limited cut-off, and 
likewise to all other examples, it would be inconsistent not to 
do the same for the Boston & Albany locomotive. However, 
the 1934 correction method would destory the coincidence be- 
tween calculated and test figures if this were done. 

In conclusion, the writer makes the following recommenda- 
tions: 

1 To use a uniform curve of steam production for all loco- 
motives. It might be investigated whether the 1932 curve is 
not a few per cent too low at low speeds, and whether it is not 
falling off slightly too fast at high speeds, but it should be re- 
tained in principle. 

2 To apply corrections for cylinder size merely in accordance 
with the rate of steam consumption per indicated horsepower- 
hour. 

3 To adopt the inclined Vincent curve of cylinder tractive 
effort and to use the straight line only if adhesion is the limiting 
factor. However, I feel with the author that the “transition 
curve” is too arbitrary and may better be omitted. 

In this way the point of intersection between cylinder and 
boiler tractive effort will not be at 50 rpm as arbitrarily chosen 
by Dr. Lipetz for all large-cylinder locomotives, but its location 
will be a function of cylinder size as it should be. 

The great merit of the Lipetz moduli lies in the ease with 
which they can be adapted to progress in locomotive design. 
Perhaps we should not try to adjust the moduli to all the loco- 
motives which have been cited by Dr. Lipetz and his discussers. 
Some of these are no longer modern in their steam engines and 
all have widely differing draft appliances. With all our progress 
in steam-locomotive design we have not yet come to sufficiently 
uniform and accepted design rules. For instance, I cannot agree 
with Dr. Lipetz on his definition of over-cylindered locomotives; 
under-cylindering is more frequent. But a _large-cylinder 
locomotive requires a better design of valve gear, steam passages 
and draft appliance and also better balancing and lighter working 
parts than we usually have. Under-cylindering covers up de- 
ficiencies in design, but of course it manifests itself in deficient 
performance and economy. 

Here is a splendid opportunity for the Association of American 
Railroads. Individual builders and railroads have not suf- 
ficient staff nor the means to fully investigate the subject, nor 
are their views likely to be generally accepted. If the Associa- 
tion diligently assimilates the information now available here 
and abroad, the writer ventures to say that we would have 
standardized, highly efficient designs ready before a new rush 
in locomotive building starts. We would eliminate a great 
deal of the uncertainties which today manifest themselves in so 
many unjustified miscellaneous differences in locomotive design 
and proportions and cause an entirely unnecessary waste of 
money in manufacture, upkeep, and operation of our modern 
locomotives. 


Dr. R. Exseraian.4 The Cole method for the power propor- 
tioning of locomotives was at its introduction of fundamental 
value in rationalizing the relations between boiler and cylinder 
capacity and coordinating horsepower and _ tractive-effort 
speed relations. It gavea measuring stick of the performance of 
a locomotive in terms of a horsepower unit. 

With improvements in the design and proportions of loco- 
motives, and the requirements of more accurate data as to power 
performance, the inadequacy of the Cole method was felt by all 
locomotive engineers. For instance, the unit horsepower by 


4 Edward G. Budd Manufacturing Co., Philadelphia, Pa. Mem. 
A.S.M.E. 
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difficulty of the method, however, 
‘\procedure of estimating the variation of horsepower against 
speed. For instance, at the lower speeds, with longer cut-offs, 
_ the cylinder steam consumption increases and there is a decrease 
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the Cole method was based on a cylinder steam consumption 
(including auxiliaries) of 20.8 lb of steam per hp-hr, and the 100 


‘|per cent boiler was such as to evaporate sufficient steam to 


supply the cylinders in developing a rated cylinder horsepower 
at 1000 fpm piston speed. 

Aside from lower steam consumption in modern power, one 
was that it gave no real 


of the evaporative yield of the boiler. At piston speeds around 
250 fpm, the possible horsepower might fall considerably below 
60 per cent of the rated horsepower at 1000 fpm. 

Dr. Lipetz, in his Locomotive Ratios I,* recognized the 


5 need for a modification of the Cole method and its rationalization 


to a consistency with the performance of modern power. While 
it was recognized that cylinder steam consumption is a function 
of cut-off, speed, and proportions of cylinder design, Dr. 
Lipetz also brought out the point that evaporative yield was a 
function of decreasing speed at the lower speeds. This latter 
deduction was based on the fact that in locomotives investigated, 
the actual steam consumption of the cylinders fell short of the 
evaporative capacity of the boiler at the higher speeds. Using 


‘the Cole evaporation value as unity, he introduced a coefficient 


B to take care of this varying evaporative yield. ‘The evaporative 
yield at 50 rpm was about 65 per cent of the maximum yield at 
200 rpm. Considering the increased cylinder steam consump- 
tion at the low speeds, it was possible to evaluate a modulus 
My, used in the present paper, which, when multiplied by the 
Cole evaporation value gives the horsepower. 

The variation of the modulus M, really accounts for the va- 
riation in horsepower against speed, and was deduced from 
actual performance data of road locomotives, nearly all of which 
had long starting cut-offs. In large-size cylinders with limited 
cut-off, the variation in the total modulus Mp, or the cor- 
responding tractive-force modulus M; may be different. We can 
have, in effect, the shifting of the maximum part of the horse- 
power curve to a lower speed range and the criterion of the 
performance of such engines at 200 rpm no longer holds. The 
original early cut-off locomotives were designed for slow drag 
service and their performance became very much limited at the 
higher rotative speeds, under which conditions their boiler 
performance was undoubtedly inadequate. 

A matter of considerable importance to the writer appears to 
be whether or not in long cut-offs at the low-speed range, the 
power percentage of horsepower when compared with the peak 
horsepower of 200 rpm is due more in part to evaporation de- 
ficiency or to limitation of cylinder performance itself. After 
all, we know only that at 50 rpm the horsepower is roughly a 
given per cent of a rated horsepower at 200 rpm. With due 
allowance for increased steam consumption at the lower speeds, 
the total steam demand of the cylinders still falls short of the 
boiler evaporation at its normal rating at 200 rpm. But, do 
we know whether this is chargeable to cylinder limitations or 
reduced evaporation at the lower speeds? Now, assuming the 
boiler proportioned to the cylinders, or vice versa, at 200 rpm, 
then it is usually found that the cylinder tractive effort falls 
short of the boiler tractive effort, assuming the boiler evapora- 
tion constant at its rated value at 200 rpm. If the cut-off is 
lengthened, wire-drawing becomes excessive and the card factor 
results in a mean effective pressure practically the same as with 
a somewhat earlier cut-off. The increased steam consumption 
for the longer cut-off practically yields no increase of tractive 
force. In such a case it would appear that the cylinder perform- 
ance may possibly be the limiting factor in a low-speed range of 
50 rpm and not the boiler. 
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It can be seen, therefore, that the relative proportions of boiler 
and cylinders in the low-speed range may not be entirely limited 
to an assumption of limited evaporation of the boiler alone with 
due allowance for increased steam consumption of the cylinders. 
It would appear that we might have cylinders with considerable 
variation in steam consumption with very little change in the 
maximum mean effective pressure at the low speed of 50 rpm 
and in such a case, even with an unlimited boiler capacity, the 
tractive force could not be increased. 

One difficulty appears to be that cylinders proportioned for 
one operating high speed, say 250 rpm, and consistent with the 
evaporation for that speed, may be quite different from cylinders 
proportioned against evaporation for operating speeds at 180 
rpm. In the latter case, assuming the same evaporation and 
roughly the same cut-off for minimum steam consumption 
(neglecting the difference of wire-drawing for the two speeds) 
the cylinders will be larger than the former, so that the author’s 
K will be smaller. 

As an extreme case, let us consider a locomotive with an 
operating speed at 90 mph, with 84 in. drivers and thus an 
operating rpm around 360. With orthodox but long-travel 
valves, economical cut-off may be around 20 per cent or lower. 
Assuming a suitable card factor for wire-drawing, condensation 
effect, etc., we arrive at given cylinder proportions. Such 
cylinders may be inadequate for starting conditions, resulting 
in a high factor of adhesion. The boiler capacity would be 
sufficient to sustain long cut-offs for a considerable range at 
the low speeds, but wire-drawing would cause a drop in tractive 
force irrespective of boiler capacity. In this case, with low 
operating speeds say from 40 to 80 rpm, the tractive effort 
would appear more limited by cylinder size than boiler adequacy. 

With locomotives as discussed by Dr. Lipetz operating 
at 200-250 rpm, the demand on the boiler usually comes at a 
critical speed around 50 rpm. With limited cut-off locomotives, 
and, therefore, with large-size cylinders required for starting 
conditions, the cylinder steam consumption would be too great 
and therefore inconsistent with the evaporative capacity of the 
boiler at 200-250 rpm. With the lower steam consumption ef- 
fected by the shorter starting cut-off, the rated starting tractive 
effort can be nearly maintained at 50 rpm with less demand on the 
boiler than for longer starting cut-offs. On this basis a boiler 
proportioned for this condition would be inadequate for high 
operating speeds. 

With increasing tendencies toward higher operating speeds 
from 200 to 250 rpm coupled with the desire for maintaining 
more economical steam consumption at the lower speeds by the 
use of shorter cut-offsin this latter range, the danger of inadequate 
boiler capacity is apparent particularly when the boiler adequacy 
is based on its sufficiency at 50 rpm. Dr. Lipetz has given 
us an interesting and most ingenious analysis for providing 
boiler adequacy for this latter condition. If the rated tractive 
effort 7’ gives the tractive effort T's) based on boiler adequacy, 
this condition will insure adequate boiler capacity for operating 
speeds around 200-250 rpm. 

While the writer is more or less in agreement with Dr. Lipetz’ 
analysis, he would appreciate the author’s consideration of the 
following point. Reviewing the basic analysis 
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From test data at a given n, he obtains BE., this data being 
obtained mostly for locomotives with a long starting cut-off. 
Knowing the power developed or tractive force, he obtains 
Sa (or Sa). Taking 6 = 1, at say 200 rpm, he obtains Hz 
and compares or corrects for Cole’s original evaporation con- 
stant Ee. Therefore, at some lower speed he obtains 6 from the 
power developed and the steam consumption Sa. At 50 rpm, 
the tacit assumption is that the power developed is entirely 
limited by the boiler evaporation capacity so that knowing 
Saso, the coefficient Bs is obtained and likewise the modulus 
Mi, which also could be obtained directly. If now we assume 
the locomotive limited by cylinders rather than by boiler capacity 
at 50 rpm, then so would not necessarily be the true evaporative 
coefficient. With large cylinders and more economical cut-off 
at starting, aside from Sa being decreased, if the true 8s were 
greater than assumed by the author’s deduction, M:z would be 


Pes 
greater and therefore the boiler adequacy a would appear im- 
R 


proved. 
Now, of course, as the speed increases where there can be no 


question about cylinder-performance limitations, the values of 
the author’s 6 obtained must greatly increase in precision. After 
all, the question of boiler adequacy is more dependent on condi- 
tions at operating speeds. With large-size cylinders, economical 
cut-offs at these higher operating speeds would be around 20- 
25 per cent or the same as with long cut-off locomotives. For 
this reason adequate boiler capacity would demand somewhat 
larger boilers for speeds around 200-250 rpm and the ratio 
of horsepower to initial tractive force would increase as compared 
with long starting cut-offs. 

With slow heavy drag service as on grades, etc., the power 
developed at such low speed ranging from 50-80 rpm, is of 
particular interest. In this case it is of importance to ascertain 
whether cylinder performance limitations or boiler capacity is 
the more critical limitation. 

The writer would prefer the analysis of performance simply 


on the formulas 
fists 126,000 6 Ee 
ae nSa D 


with more test considerations as to 6, Sa for different speeds, 
cut-offs, etc., and further analysis of limiting values of M: at 
very low speeds. It would be interesting to consider He for 6 
= 1 at several operating speeds, and the variation of 6 and Sa 
for different speeds relative to the particular operating speeds 
considered. 


6 Ee 
Sa’ 


Py = 


Lawrorp H. Fry.6 For judging locomotive proportions Dr. 
Lipetz offers his locomotive characteristic K which is equivalent 
to E-/Vp», where Ee is the Cole boiler evaporation. Un- 
fortunately, Dr. Lipetz does not give in either the present paper 
nor in his earlier paper? complete information for computing this 
Cole boiler evaporation. 

The writer believes it is unnecessary and undesirable to use an 
assumed figure such as E- in comparing boiler and cylinder pro- 
portions. Dr. Lipetz concedes something in this direction by 
saying: “....a constant very similar to K, but with the boiler 
evaporation replaced by He, the evaporative surface in square 
feet 

6 = He/Vpo 


may also be very useful for comparative purposes.” 
The writer suggested, in a paper read before the New York 
Railroad Club in 1903, a boiler factor very similar to the above. 


—_—_H 
5 Railway Engineer, Edgewater Steel Company, Pittsburgh, Pa. 


Mem. A.S.M.E. 
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This was B = 7;/He, where 7; is the rated tractive effort in 
pounds. B and 6 are inversely proportional to each other. B 
has the practical advantage that it is computed from the rated 
tractive effort, and an additional calculation to find the cylinder 
volume is unnecessary. 6 has a slight advantage in the fact 
that it is directly proportional to the boiler capacity, so that a 
large value of 6 indicates a large boiler in proportion to the 
cylinders. 

If B is used, it is convenient to note that it measures the pounds 
of rated tractive effort which must be developed by each square 
foot of heating surface when the locomotive is working in full 
gear. 

To bring the comparison to a basis of revolutions per minute 
instead of miles per hour, the writer proposed multiplying B 


by D, the driving-wheel diameter. This gives 
T; 
A BID = ZB 
He 


It can be shown that if the locomotive is working in full gear, 
the factor BD is proportional to the foot-pounds of work which 
must be developed at each revolution by each square foot of 
heating surface. The lower the value of BD, the higher the 
speed at which the rated tractive effort can be developed. A low 
value of BD indicates a locomotive with large boiler capacity 
designed for high-speed service. 

For many years the technical papers when publishing accounts 
of new locomotives gave values of Band BD. This has provided 
a large amount of information available for the comparison of 
various locomotive designs. 

If it is decided that a newer method of comparison is desirable, 
the writer would prefer to see Dr. Lipetz’ 6 used instead of K. 
It seems to him desirable to make the comparison simple and 
direct, involving only definite dimensions of the locomotive and 
avoiding the introduction of any assumed values such as a 
calculated boiler evaporation. 

Discussion of the second phase of the subject, that is the 
prediction of the tractive power which can be developed at 
various speeds, cannot be made in detail without full information 
as to the method of computing the Cole boiler evaporation. 
This is not given in either of Dr. Lipetz’ papers. Dr. Lipetz 
shows, however, that his method gives computed tractive-power 
curves which are surprisingly close to the actual curves derived 
from experiment. 


H. Rusenxornic.® Undoubtedly there is necessity for 
revision of some of Cole’s ratios and other formulas used in 
calculating tractive effort for locomotives. The generally ac- 
cepted formula 


T = KPC38/D 


for determining what is variously designated as cylinder tractive 
effort, starting tractive power, theoretical tractive force, etc., 
does not seem to hold for some of the newer locomotives built 
during the last two or three years. 

K in this formula depends upon whether or not the valve 
has a limited cut-off, and whether or not auxiliary starting ports 
are used. One of the recently built heavy passenger locomotives 
of the 4-8-4 class is described as having a rated tractive effort of 
69,800 Ib. If K is taken as 0.85 (the proper coefficient for 90 per 
cent cut-off), the tractive effort from the foregoing equation 
becomes 


T = 0.85 X 260 X 28? X 31/77 = 69,300 lb 


6 Professor of Railway Mechanical Engineering, Purdue Univer- 
sity, Lafayette, Ind. Assoc-Mem. A.S.M.E. 
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This locomotive is described as having a valve gear which gives 70 
per cent maximum cut-off, but no mention is made of auxiliary 
starting ports. Assuming auxiliary starting ports, the value of K 
is 0.78, which when applied to the foregoing formula gives a trac- 
tive effort of 64,100 lb. In other words, the rated tractive effort 
is more than 5000 lb too high if the generally accepted formulas 
for calculating tractive effort be used. 

Since predictable locomotive performances at speeds above 
starting speeds are based upon data which include suitable correc- 
tions being made from the basic figure of capacity tractive effort, 
it seems that some revision of calculation methods is necessary. 
It would be interesting to know what assumptions were made in 
deriving the figure for rated tractive effort of the locomotive 
previously mentioned. 

The 1932 and 1934 papers by Dr. Lipetz are distinct con- 
tributions to the subject of locomotive tractive effort and horse- 
power, and they indicate the direction in which locomotive de- 
signers may work in improving the efficiency of the modern steam 
. locomotive. 


W. A. Pownatu.? Dr. Lipetz states that drafting arrange- 
ments in particular may cause disagreements or differences 
between the tractive-effort curves and actual performances. The 
Wabash railroad has had considerable experience during the 
past few years with the Kiesel front end which uses an annular- 
ported exhaust nozzle of large area and a cylindrical draft netting, 
extending from the stack to the bottom of the boiler, without the 
usual draft or deflector plates. 
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Fie. 2 Cyninper TRACTIVE-PowER CuRVE oF A MOUNTAIN- 
Typr Locomotive Wits Kieset Front END CoMPARED 
Wirs Lireerz’ CALCULATED TRACTIVE EFFORT 


Fig. 2 of this discussion shows the cylinder-tractive-power curve 
obtained on a mountain-type locomotive equipped with a Kiesel 
front end. For comparison, the tractive-effort curve as calcu- 
lated by Dr. Lipetz’ method is also plotted on this figure. 
The curve as obtained from indicator cards on road tests was not 
an extreme condition, but was obtained on a large number of runs. 
It will be noted that at 40 mph, the engine in question actually 
developed about 35 per cent more tractive power than shown by 
the Lipetz method. This engine is equipped with a type-E 
superheater and a feedwater heater. 

Fig. 3 of this discussion shows a similar curve for a Mikado- 


7 Mechanical Engineer, Wabash Railway Company, Decatur, Ill. 
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type locomotive equipped with a type-A superheater and 
without a feedwater heater. The difference between the actual 
road results and the Lipetz curves is not as pronounced as with 
the mountain-type locomotive, the excess of the actual tractive 
power over the Lipetz curve being 17 per cent at 30 mph and 14 
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percent at40 mph. These results are worth attention in showing 
the increased actual locomotive capacity that can be obtained by 
drafting arrangement other than the conventional. 

In view of the present interest in high-speed passenger trains 
there is a definite demand for a knowledge of the draw-bar trac- 
tive effort that can be developed by steam passenger locomotives 
at speeds between 70 to 100 mph. 

Fig. 4 of this discussion shows the cylinder tractive effort of a 
Pacific-type locomotive as derived from the Vincent and Lipetz 
methods. For speeds above 60 mph, the Lipetz formula would 
produce a tractive-effort curve considerably lower than the 
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Vincent curve and also lower than has been obtained in actual 
service. For example, if the engine resistance were deducted 
from the Lipetz cylinder tractive effort, there would be nothing 
remaining to pull the train at about 75 mph, while the engine for 
which these curves are shown, actually pulled a seven-car train 
weighing 560 tons, exclusive of the engine and tender, at a speed 
of from 80 to 83 mph on level track, at which speed it developed 
an approximate cylinder tractive-effort of 9680 lb. It may be 
that Professor Lipetz does not intend his formula to be used at 
driver speeds of over 250 rpm. This actual performance is some- 
what less than the value indicated by the Vincent curve and con- 
siderably higher than that calculated from the Lipetz formula. 

There should be some fairly definite information developed as 
to available draw-bar tractive effort of locomotives at speeds 
between 70 and 100 mph. 


AuTHor’s CLOSURE 


While Dr. Giesl-Gieslingen reiterates his agreement with my 
1932 method, as given in the previous paper,® he takes exception 
to my 1934 modifications and rejects them summarily. He is in 
favor of the fundamentals of my 1932 theory and admits the 
value of the moduli, but thinks that I rather rashly abandoned 
the strict consistency of that method in order to satisfy the 
curves presented by Mr. Vincent. I must, therefore, so to speak, 
defend myself against myself, and this makes my task rather 
difficult. However, I am afraid that Dr. Giesl-Gieslingen mis- 
understood the underlying thought of the 1934 modifications and 
probably forgot the principal object of the 1932 method. 

Dr. Giesl-Gieslingen maintains that my theory of 1932 was 
based, on the one hand, on a certain evaporation curve which 
he considers more or less correct, although maybe somewhat con- 
servative, and, on the other hand, on a steam-consumption curve 
with which he also is more or less in agreement. As pointed out 
in both the 1932 paper and in its closure, the procedure which I 
followed in the first part of my 1932 paper was used only in order 
to establish the correct and logical relations between phenomena 
in a locomotive, which led to a simple formula. I checked it 
later against all locomotive-test data at my disposal at that time. 
In other words, while the 1932 method had a theoretical basis, it 
was purely empirical, and in proving the practicability of the 
1932 moduli, I did not attempt to defend the absolute correctness 
of figures, or curves, of evaporation and steam consumption on 
which my formula was based. I admitted that the Cole evapora- 
tion figure #,, evaporation-coefficient 6 and steam-consumption 
curves may be only approximately correct, but as the formula 
was later checked against test results and the moduli, specially 
introduced for that purpose, were corrected so as to conform with 
these results, the formula, which in its final form was very simple, 
must have been right and could be used for practical purposes. 
The user need not go back to the underlying data and examine 
them. This made the method very simple, as it required the use 
of only one formula with constant moduli depending upon the 
rotative speed of the wheels, and at the same time very flexible, 
because the moduli could be changed when conditions warranted 
that. 

In the 1934 modifications I followed the same principle. In 
studying the test results of locomotives brought to my attention 
in Mr. Vincent’s discussion of my 1932 paper, I realized that all 
the locomotives on which I had data at my disposal in 1932 had 
long cut-offs, and that the locomotives analyzed by Mr. Vincent, 
especially those for which my 1932 moduli showed discrepancies, 
were types with limited cut-offs. In my 1932 paper I also con- 
sidered, among others, the Boston & Albany A-1 locomotive and 
found that it showed fairly good agreement with my 1932 moduli, 
although it was of the type with limited cut-off. In an- 
alyzing this, I found that the good results of my 1932 moduli, 
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in application to this locomotive, were due to the fact that while 
the locomotive had limited cut-off, its cylinder sizes were not ex- 
cessive and very close to the sizes they should have had for a 
limited cut-off of 60 per cent (K = 12.27 instead of K = 13.09) 
while all other locomotives with limited cut-offs which he cited 
had excessively large cylinders, larger than the limited cut- 
off would require. The conclusion was, therefore, evident: it 
was necessary to modify my moduli for locomotives with large 
cylinders, irrespective of whether or not they were types with 
limited cut-off or full cut-off. I found a method for doing it and 
disclosed it in my 1934 paper. Again in order to prove that this 
method was correct and practicable, I showed that its application 
to all locomotives on which data were available, both with small 
and large cylinders, gives very good results. This fact was fully 
realized and appreciated by Lawford H. Fry in his discussion, 
and I am very grateful to him for pointing out this fact. It was 
not a question, as Dr. Giesl-Gieslingen thinks, of satisfying Mr. 
Vincent’s curves. It simply was the question of showing that the 
locomotives for which Mr. Vincent had test data and which, he 
thought, were best represented by his formula, could be satisfied 
by my moduli, if proper modifications are made. 

Dr. Giesl-Gieslingen evidently overlooked this point entirely. 
He thinks that the curve on Fig. 5 of the paper is arbitrary. 
While it is true that no formula was given for this curve, it was 
arrived at through a long study of test results and was later 
checked against all locomotives for which test data could have 
been obtained. It is the author’s opinion that it has more value 
than a curve like the one shown by Dr. Giesl-Gieslingen in Fig. 1 
of this discussion, for which no attempt was made to show its 
application to any locomotive. Only when a formula has been 
verified for a reasonable number of locomotives may it be con- 
sidered seriously, and not before, no matter how scientifically the 
curve may appear to have been derived. 

As an example of another misunderstanding by Dr. Giesl- 
Gieslingen, the aforementioned Boston & Albany A-1 locomo- 
tive can be cited. He says “‘Lipetz explains that since this engine 
has 60 per cent limited cut-off the cylinder could be called about 
normal, although K = 12.27, and he indicates that no correetion 
should be applied.”’ What I said was that notwithstanding the 
fact that this engine has a limited cut-off of 60 per cent, K = 
12.27 instead of 13.09, if the proper relations of cylinder sizes 
with respect to the correct a for a cut-off of 60 per cent is taken 
into consideration. But I did not say that corrections should 
not be made. They certainly should be made, as they were made 
in all other locomotives with large cylinders, irrespective of 
whether they were types with long cut-off or limited cut-off (see, 
for instance, Texas & Pacific locomotive G-lb, Fig. 8), as 12.27 is 
less than 14.26. Dr. Giesl-Gieslingen further states “‘since he 
applies the full correction to the Pennsylvania class I-ls with 
only 55 per cent limited cut-off, and likewise to all other examples, 
it would be inconsistent not to do the same for the Boston & 
Albany locomotives.’ Yes, it would be inconsistent, and the 
correction should be made, but while the I-ls locomotive has a 
limited cut-off of 55 per cent, very close to 60 per cent of the A-1 
locomotive, the cylinders are so large that the K for this locomo- 
tive is only 8.53, whereas it should be, according to formula [9a) 
of the paper, 0.75/0.0596 = 12.55. Therefore, the cylinders of 
this locomotive are about 47 per cent larger, and a greater cor- 
rection is necessary. 

As to the Boston & Albany A-1 locomotive, after the correction 
for the tractive effort at 50 rpm is made, its value will lie above 
the rated tractive effort, and according to the rules given in the 
paper, the curve with this point at 50 rpm should be cut off. 
The remaining part of the curve will not differ much from the 
test curve. 

Dr. Giesl-Gieslingen discusses what I would call ‘discontinuity 
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of functions,” when he cites in the beginning of his discussion 
_ various values of Fig. 5 for smaller and larger cylinders. He 
refers to the figures “‘jumping’’ suddenly by 6.7 and 16.0 per cent, 
but he forgets that he also jumps !/2 in. and 2.1 in. in cylinder 
sizes, or 4.0 and 16.6 per cent in piston areas, respectively. Every 
continuous function would do that. 

Dr. Giesl-Gieslingen is surprised that the Lipetz correction 
. curve for 50 rpm should have an edge at K = 14.26. There are 
many cases like that in engineering practice. A loose tire on a 
locomotive wheel puts no strain in the wheel rim or in the tire, 
but if the bore of the tire is several hundredths of an inch smaller 
than the outside diameter of the wheel, the stress suddenly goes 
up and it will continue going up with the increase in this differ- 
ence, most probably with an edge in the curve. The effect of 
large locomotive cylinders is of about the same nature. If they 
are too small, there is plenty of steam for them, just as there is 
plenty of clearance in a loose tire around a wheel, and 7's (indica- 
ted tractive effort at 50 rpm) cannot be increased, as a rule, because 
in small-cylinder locomotives it is equal to T, (rated tractive 
effort), corresponding to a maximum cut-off of 85 per cent. How- 
ever, if the cylinders are larger than what the ordinarily gen- 
erated amount of steam for the tractive effort at 50 rpm would 
require, naturally more steam can be utilized by the cylinders, 
if a certain forcing of the boiler is permitted. Then a modifica- 
tion is, of course, necessary, and the law of modification may go 
up suddenly, following a curve with an edge. This is what prob- 
ably happens, and there is nothing illogical in that, 

I do not think that it is necessary to go through Dr. Giesl- 
Gieslingen’s other statements except possibly one, in which he 
says that the reader is left without a clue as to what he might 
expect from the boiler when it is forced. Dr. Eksergian in his 
discussion touches on this point in connection with the coefficient 
g. In order to amplify Dr. Eksergian’s thought, and to reply 
fully to Dr. Giesl-Gieslingen’s statement, I am going to present 
several charts which recently came to light. They were not 
known to me at the time when the present paper was prepared. A 
very interesting book,® recently published on a 2-10-2 locomo- 
tive, series FD, developed and built in U.S.S.R., came into my 
possession. For the development of this engine the locomotives 
built in America in 1931 for U.S.S.R. were taken as examples 
and, therefore, the locomotives are in many respects similar to 
regular American-built engines. They have large grates, steel 
fireboxes, firebrick arches, type-E superheaters, feedwater heat- 
ers, stokers, boosters, etc. They differ only in having fireboxes 
of the Belpaire type instead of the round-top shape. A 2-8-4 
passenger-type locomotive, series JS, has also been developed and 
built by the U.S.S.R. In this type, boilers and cylinders are iden- 
tical with those of the FD engines, the principal difference being 
in the chassis: frames, wheels, boxes, etc. 


TABLE 1 PROPORTIONS AND RATIOS OF U.S.S.R. SERIES FD 
AND JS LOCOMOTIVES 
Russian Russian 
BOTA OUIV Geet enti exe eer el eae aoc oe encyinte 2-10-2 2-8-4 
FD Class JS Class 
Cylinder dimensions 
Diameter, d, i. .0-.. 6000 se ee cee te ees 26.4 26.4 
Siroko agli sha G ate sp ep sea ae aun a ws 30.3 30.3 
Heating surface, He, sq ft......--.+++++ seers 3177 3177 
Boiler pressure, pb, lb per 8g In...---+ ++ +--+0> 213.4 213.4 
Cole evaporation, Hc, lb per hr.....-..---+-+-> 44859 44859 
Superheater type......----+--+-escre tress E 
Feed water heater.....-..----- seers ctr rrees Yes Yes 
Max indicated ratio, amax......--++++-s5500007 0.78 0.78 
Miiatiay = OOl ac antec sr ii 4 eerie 65.6 65.6 
Driving wheel diameter, D, in...-.-.-.+++-+++> 59 72.8 
Boiler adequacy, ab - SNe Men toy GOI EEAD O 0.837 0.837 
ip 
Boiler percentage (Cole)........---+-+eee50005 0.809 0.809 
Cylinder volume, V, cu ft.....----.-+s+-20005 19.20 19.20 
PN oo ice Saipan st 0.775 0.775 
VPo 
(0 oa eee 10.95 10.95 
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The principal dimensions of these two engines are shown in 
Table 1 of this discussion, which is compiled in the same manner 
as Table 4 of the paper. In view of the similarity between these 
two types and American engines, the test results of these U.S.S.R. 
locomotives are of great interest to us for the present purpose. 

The book’ just referred to describes in detail the U.S.S.R. 
2-10-2, Series FD locomotive, and in Appendix 1 gives results of 
very elaborate tests in the form of charts according to the method 
worked out years ago by Professor Lomonossoff in Russia.’ Fig. 
602 of the book is reproduced in this discussion as Fig. 5. The ab- 
scissas are speeds in kilometers per hour; the ordinates are in- 
dicated tractive efforts in kilograms. The full-line curves corre- 
spond to constant evaporation, the figures on them showing kilo- 
grams of steam per hour consumed by the cylinders (excluding 
auxiliaries), the steam being referred to one square meter of out- 
side heating surface. The dashed curves correspond to constant 
cut-off, the figures on them representing percentages of cut-off. 
In Fig. 6 of this discussion the constant-evaporation curves of 
Fig. 5 are reproduced in English measurements. The notations 
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ents 
SSIAN 2102 


“FO CLASS. 
4 iE 


Fic. 5 


(Full-line curves are constant-evaporation lines, the figures on them repre- 

senting kilograms of steam consumed by cylinders per hour, referred to a 

square meter of outside heating surface. Dashed curves are constant-cut-off 
lines; figures on them represent percentages of cut-off.) 


on the axes are made to conform with the practice of the author’s 
1932 and the present papers. Full lines are constant-evapora- 
tion curves, figures on them representing pounds of total steam 
generated by the boiler per square foot of outside heating surface 
per hour. These figures were obtained from the metric-evapora- 
tion figures by adding 10 per cent for auxiliaries, as this amount 
of steam has not been included in the Russian curves. In addi- 
tion, the author’s 1932 and 1934 curves have been added to the 
chart. 

The locomotive characteristic K, as can be seen from Table 1 
of this discussion, is equal to 10.95, and corrections have been 
made in accordance with Fig. 5 of the paper. It is interesting to 
note that the 1934 curve follows, as to the general trend, all other 
curves, but it lies outside of all of them, even that which corre- 
sponds to the maximum evaporation of 13.5 lb of steam per sq ft 
of outside heating surface. By extrapolation it can be found 
that the 1934 curve corresponds to an evaporation of about 14.2. 


8 “Tocomotive Felix Dzerjinsky”’ (published in Russian), Moscow, 
1934. 
9 “Object of Locomotive Tests and Their Method,” by G. Lomo~ 
nossoff, St. Petersburg, 1914. 


370 


Now, the Cole evaporation figure for this locomotive is 44,859 
lb per hour. The outside heating surface is 3177.08 sq ft. The 
evaporation per sq ft is, therefore 


E./He = 44,859/3177.08 = 14.15 


very close to the foregoing figure of 14.2. This agreement is re- 
markable, or, using Mr. Fry’s expression, “surprising.” In 
reality it is natural, if we consider that the Series FD locomotive 
is of, what may be called, American design, and has, as it will be 
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(Full-line curves are constant-evaporation curves, the figures on them 
representing pounds of steam generated per square foot of outside heating 
surface per hour.) 


shown later, the regular circular exhaust nozzle, for which the 
author’s curves have been established. The above agreement 
also shows that the 1934 curve for the Series FD locomotive 
follows the Cole evaporation figure with a 6 equal to 1.00 for all 
speeds; in other words, in order to obtain the 1934 tractive 
effort at low speeds, the boiler has to be forced. This answers 
Dr. Giesl-Gieslingen’s and Dr. Eksergian’s questions as to how 
high 6 at low speeds must be. For the Series FD locomotive 
with K = 10.95 it is evidently 1.00. For other cylinder ratios 
it may be different. It can be figured out approximately from the 
modification curve by following the trend of Dr. Eksergian’s 
thoughts and the formulas given in his discussion. 

In this connection Fig. 6 of this discussion also shows that the 
1932 curve would intersect the tractive effort curves at other 
lower evaporations. For instance, an evaporation of 11.3 
would intersect the 1932 curve at about 83rpm. An evaporation 
of 9.0 would permit a speed of about 59 rpm, and at 50 rpm the 
1932 curve would probably correspond to an evaporation of some- 
where between 6.8 and 9.0. It can be found by interpolation to 
be 8.01, which is about 56.7 per cent of 14.15, which is close to 
the 8 assumed by the author for 50 rpm, if we remember that the 
coefficient 8 was established as an average of data from many 
locomotives. 

About the same time (1933) the Russian Government de- 
veloped and built the Series JS passenger locomotive. This 
locomotive, as has already been stated, has the same boiler as 
the Series FD locomotive, and has cylinders of the same size. 
It differs only in the size of driving wheels, which were about 
73 in. in diameter instead of 59 in. As our locomotive formulas 
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are based on the boiler evaporation, and the modifications are based 
on the cylinder dimensions, these two locomotives should give 
the same power curves, differing only with respect to the tractive 
efforts in so far as they are affected by the size of driving wheels. 
Boiler evaporation should be exactly thesame. For purposes of 
comparison, Figs. 7 and 8 of this discussion have been prepared. 
They correspond to Figs. 5 and 6 for the FD locomotive. Again, 
Fig. 7 is an exact reproduction of Fig. 12 of the publication on 
the JS locomotive,!° while Fig. 8 is the same as Fig. 7 converted 
to English measurements, with the author’s 1932 and 1934 
curves added. Furthermore, in order to compare the relation 
of the 1934 curve on Figs. 6 and 8 of this discussion the highest 
constant-evaporation curves of Fig. 8 are omitted and the 13.5 


curve is retained as the highest, the same as in Fig. 6. It can 
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(Full-line curves are constant-evaporation lines, the figures on them repre- 

senting kilograms of steam consumed by cylinders per hour, referred to a 

square meter of outside heating surface. Dashed curves are constant-cut-off 
lines; figures on them represent percentages of cut-off.) 
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representing pounds of steam generated per square foot of outside heating 
surface per hour. 


10 ‘Principal Test Results of the First Type 2-8-4, Series JS 
Locomotive” (in Russian), Moscow, 1934. 


DISCUSSION 371 


be seen, however, from comparing Figs. 5 and 7 that the 
maximum evaporation on the tests of the JS locomotive was 
much higher than on those of the FD locomotive; 70 against 60 
kg per sq meter per hr, or 16.7 per cent higher. This result 
was somewhat puzzling, but a careful study of the tests of the 
second locomotive showed that the two locomotives which 
are supposed to be alike, when actually tested, had different ex- 
haust nozzles: the FD locomotive had the ordinary round nozzle, 
while the JS locomotive had a special nozzle with separate ex- 
hausts from the right and left cylinders, and four round openings 
for the escape of steam which had a total area 32 per cent larger 
than that of the single opening of the round nozzle used on the 
FD locomotive. 

This difference probably explains the higher evaporation and 
may also explain why the 1934 curve, which in Fig. 8 of this dis- 
cussion has in general the same characteristics as the one de- 
scribed in reference to the FD locomotive (Fig. 6), is switched 
so as to coincide more with the 12.4 evaporation curve than to 
be coincident with the 14.2 curve. This is the result of reducing 
the back pressure of the JS locomotive and, incidentally, reducing 
the minimum steam consumption of the latter locomotive, per 
equal power which was 15.5 lb per rail horsepower, as compared 
with 17.4 of the FD locomotive.” 

It is also interesting to note that notwithstanding the differ- 
ences just mentioned, the trend of the 1934 curve and its relation 
to the constant-evaporation curves is about the same in Fig. 8 for 
the JS locomotive as in Fig. 6 for the FD locomotive, and that in 
the JS locomotive it also corresponds to a constant evaporation 
(about 12.4), which, however, because of better efficiency is 
lower than the Cole evaporation per square foot of outside heat- 
ing surface (14.15). In this case 6 has a constant value of about 
0.88. Thus, the tractive effort of a JS locomotive, if tested 
under the usual American conditions, would give a 1/0.88 
= 1.14 increase ratio for the same amount of steam, and a fur- 
ther increase due to 16.7 per cent higher evaporation, a total in- 
crease in the ratio of 1.14 X 1.167 = 1.33, or a 33 per cent in- 
crease, with the same “‘strain of forcing,” so to speak. 

The above explanations, I think should satisfy Drs. Giesl- 
Gieslingen and Eksergian as to the question of what evaporation 
the modifications of 1934 actually represent, and should also cor- 
roborate Mr. Pownall’s statement as to the increase in locomo- 
tive capacity due to the use of a drafting arrangement other than 
the conventional. Mr. Pownall’s figure of a 35 per cent in- 
crease is about the same as the 33 per cent increase cited pre- 
viously. 

In order to finish with Dr. Giesl-Gieslingen’s discussion, a few 
words should be said about his suggestions. Of course, one 
should welcome the recommendation that some institution, for 
instance, the Association of American Railroads, should accumu- 
late and assimilate all possible information now available on re- 
sults of locomotive tests. The author himself has gone even 
further and suggested some time ago that a central institution, 
the best of which at present is the Association of American Rail- 
roads, should conduct a similar research of its own.!% This is 
now on the program of the Association, and the author under- 
stands that tests with modern locomotives with a view to estab- 
lishing fundamental data for locomotive ratios are now being 
contemplated. The author hopes that the tests will soon be 


1 “Pyincipal Test Results of the First Type 2-8-4, Series JS, 
Locomotive” (in Russian), Moscow, 1934, p. 41. 

12 Compare Fig. 34 of ‘Principal Test Results of the First Type 
2-8-4, Series JS, Locomotive,” with Fig. 609 of ‘‘Locomotive Felix 
Dzerjinsky”’ previously referred to. 

13 “Coming Motive Power and Locomotive Research,” by A. I. 
Lipetz presented before the Canadian Railway Club, April 9, 1934, 
concluding paragraph. 


made and he is confident that their results will help to confirm, or 
modify, his moduli and his correction curve (Fig. 5 of the paper). 

As to Dr. Giesl-Gieslingen’s recommendations 1, 2 and 3, they 
have no bearing on this paper. The recommendations are not 
new and are too general. Besides, the recommended tests when 
carried out, cannot obviate the necessity of having a simple 
method by which a reasonably correct evaluation of the power 
and tractive effort of a locomotive could be made without going 
to elaborate tests and calculations. This was the object of the 
author’s papers. 

Dr. Eksergian’s apprehension as regards the difficulties with 
8 which we may run into, if we follow the author’s suggestion 
regarding boiler adequacy at 50 rpm, probably can be answered 
better by saying that while the adequacy, as shown in the paper, 
comes out close to 1.00 instead of Cole’s 100 per cent, the author 
has not stated definitely what percentage he would recommend 
for either drag, limited cut-off, or high-speed locomotives. This, 
following his usual policy, has not been made for the reason that 
no test data are yet available on high-speed locomotives. His 
feeling, however, is that 1.00 and greater figures will serve just 
as well with respect to the boiler adequacy, as Cole’s 100 per 
cent, or larger, boiler. For locomotives with large-size cylinders, 
both coefficients automatically will come out smaller. Follow- 
ing his line of reasoning, the cylinders have to be dimensioned 
on the basis of starting tractive effort and he does not expect that 
any difficulty will arise at high speeds on account of the insuffi- 
ciency of cylinder dimensions, as long as the boiler is given suffi- 
ciently large proportions; corresponding to a boiler adequacy 
of 1.00, but the larger, the better, especially for high-speed loco- 
motives. 

As an example, the high-speed streamlined 4-4-2 locomotive 
recently completed by the American Locomotive Company for 
the Chicago, Milwaukee, St. Paul & Pacific could be cited. The 
Cole boiler-percentage figure for this locomotive is 108.8. The 
author’s boiler adequacy is 1.116, which indicates the close ap- 
proximation of both coefficients to their respective normal values 
(100 and 1.00 per cent). The author does not advise that the 
Cole evaporation figure, with which railroad mechanical men have 
become familiar, should be replaced by the new conception of 
boiler adequacy, although he thinks that the latter imparts 
greater definiteness to the meaning of boiler proportions, for rea- 
sons explained in the paper. The main reason for the author’s 
suggestion of this new conception was only because in some 
quarters it was felt that when the Cole speed factors are re- 
placed by the author’s moduli, the Cole boiler-percentage figure 
is lost sight of. The author, therefore, tried to establish something 
which could take the place of the Cole boiler-percentage figure, 
if his moduli are used for the evaluation of horsepower and trac- 
tive effort instead of the Cole factors. If it is desired to figure 
the Cole boiler percentage, it can be done, but then additional 
calculations of some of Cole’s figures, which are not needed for 
the author’s method, will have to be made, without arriving at 
a substantially different figure, except that one (the Cole) is in 
per cent, while the other (the author’s) is in fractions. 

Reverting to Mr. W. A. Pownall’s discussion, it can be added 
to what has been already said, that the discrepancies which he 
noticed between his curves can undoubtedly be explained by the 
difference in drafting arrangements. The 1932 and 1934 methods 
correspond to the ordinary round nozzle and A.A.R. smokebox 
arrangement, as it has been brought out by the agreement be- 
tween the author’s moduli and test results. The Kiesel front 
may be giving better results, and probably permit forcings of the 
boiler, without corresponding reduction in the efficiency, similar 
to the case with the drafting arrangement on the U.S.S.R., Series 
JS locomotive. 

As to the use by Mr. Pownall of the author’s analytical formula 
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for very high speeds and revolutions per minute (up to 360), this 
has not been intended by the author. The formulas are simpli- 
fications of the moduli. They give approximately the same re- 
sults and should not be used for speeds higher than the moduli 
themselves, namely, 250 rpm. 

In his 1932 and 1934 papers the author hesitated to extend his 
curves beyond 250 rpm simply for lack of data. When the tests 
to which Mr. Pownall refers are published, with all details which 
would permit judging the efficiency, evaporation and other fea- 
tures of the performance, the curves could be extended for 
higher speeds. The advantage of the author’s method is the 
ease with which the modifications of moduli can be made if dic- 
tated by test results. Simply as an example, but not as a matter 
of recommendation, the author may say this in reference to 
higher speeds: 

A comparison of his 1934 curves with the curves on Fig. 8 of 
this discussion and others show a great probability that his 
moduli for 250 rpm may have been slightly underestimated. It 
is probable that at higher speeds, especially with better drafting 
arrangements, the supposition of Mr. Cole, that after a certain 
limit of speed the horsepower remains constant, is true. If this 
should be so, say, after 200 rpm, the Mp moduli would be as 
given in Table 2 of this discussion. 


TABLE 2 VALUES OF THE Mp MODULI FOR SPEEDS ABOVE 
200 RPM 


Revolutions per minute, n............. 200 250 300 350 
Locomotives with feedwater heaters, 


Modulus Mex Bl O00 Rs onia. ce ere 54.0 54.0 54.0 54.0 
Locomotives without feedwater heaters, 
Modulus 1p <tL000\ A fasulesterel ee 50.5 50.5 50.5 50.5 


Then accordingly, on the basis that Min = constant, the M: moduli should 
be as follows: 


Revolutions per minute, n............. 200 250 300 350 
Locomotives with feedwater heaters, 

Modulus (Me... yes se 3 watts tree 34.1 27.4 22.8 19.6 
Locomotives without feedwater heaters, 

Modulus: 18s :0isi2:5.2-s:0scynantecr tances e 31.8 25.2 20.9 17.9 


As the boiler can always be forced to a certain extent, especially 
at high speeds, it may be safe to use the moduli of Table 2 in all 
cases when curves have to be extended for high speeds, before 
reliable test data are available. Of course, they will have to be 
watched very carefully and checked against test data, and as 
we are soon going to have high-speed locomotives on many 
railroads, from which high-speed test results undoubtedly will be 
obtained, this can be easily done. 

In view of the fact that some readers may be tempted to ex- 
tend the formulas, given at the end of the paper, to speeds higher 
than 250 rpm, as Mr. Pownall has done, the author thinks it 
advisable to give formulas corresponding to the preceding 
tabulation of constant moduli M, and hyperbolic moduli M,. 
In such a case, strictly speaking, it must be noticed that the 
constant-horsepower line should be tangent to the horsepower 
curve at its maximum point; then the hyperbola will follow 
smoothly the straight line of the tractive effort. The ap- 
proximate speed at which this takes place for formulas [13a] and 
{13b] is 190 rpm (the exact values are 189.4 and 189.9 rpm). 

Incidentally, at the rotative speed of 190 rpm, the modifica- 
tion y is equal to zero. Thus, the following formulas can be 
recommended: 

For locomotives equipped with feedwater heaters and speeds 
up to 190 rpm 


E 
T;” = D (73.85 — 0.195n) (1 + y).......... [16] 


where E, is the Cole evaporation figure, lb per hr, D is the diame- 
ter of drivers, in. and n is rpm. Modification coefficient 
should ibe figured in accordance with formula [15], which is here 
repeated 
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30 15— K 
= ——0,15),)'————— 7... fae ee 15 
y (. +10 0 5) 7 [15] 


This formula eliminates from Fig. 5 the sharp edge at K = 
14.26, so objectionable to Dr. Giesl-Gieslingen, and replaces it by 
a blunter point at K = 15.0. A number of small-cylinder 
locomotives, practically all of any importance, will be thus in- 
cluded. 


E 
At190rpm y=0,and "19 = i 36.8 


The corresponding horsepower will be (see formulas [5] and 
[9] of the 1932 paper) 

TE exaV a TT” XnD 

P19 = —— = — = SS —, ie 

Sa 126,050 ; 

X .05547 


Thus, modulus M, X 1000 = 55.47 instead of 54.0 for the maxi- 
mum horsepower at 200 rpm, a difference of +2.7 per cent. This 
represents the approximation of the formula and the error in re- 
placing 190 for 200 rpm as the speed at which the horsepower is 
maximum. 

For speeds higher than 190 rpm, the tractive effort, the horse- 
power remaining constant, will evidently be 


P,;" X 375 X 336.134 _ H, X 0.05547 X 126,050 6992 E, 
nD me nD nD 


Thus, the tractive effort, for speeds above 190 rpm, can be 
figured in accordance with formula 


For locomotives without feedwater heaters the corresponding 
members of the formulas will be reduced in the ratio of 100:107. 
They will be, for speeds up to 190 rpm 


T,;’ = . (69.09 — 0.182n) (1 + y)..-...... [18] 


and for speeds higher than 190 rpm 


The author wants to emphasize again that these formulas are 
approximate. They are of such a nature as not to be easily 
memorized, and have to be looked up for references. Therefore, 
it might be just as well to use moduli instead of the formulas. 
In case a simple formula for memorizing should, nevertheless, be 
desired, the one given in the paper (14’) could be used. It is here 
repeated 


EB. aA ! 
Ty S15 =] 8). ero eee [14’] 


The modification for locomotives with K less than 15.0, in 
accordance with formula [15], will have to be made. 

This formula is also good up to 190 rpm. At this speed the 
value in brackets is 75 — 88 = 37. The corresponding formula 
for speeds above 190 rpm would be 7; = E, X 7030/Dn, because 
37 X 190 = 7030. We can simplify the formula by making 


which is approximately the same as formula [18] and sufficiently 
simple to be remembered. 
Curves of formulas (14’) and (20) intersect at nm = 200. At 
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this speed the factor in the brackets in formula [14’], which is 


/ 200 
M,, is equal to 75 Tay = 35, instead of 34.1 according to the 


previous tables. 
calculation. 

For locomotives without feedwater heaters the values of for- 
mulas [14’] and [20] must be reduced in the ratio of 100 : 107. 

Mr. Fry, who is in general agreement with the author’s method, 
brings out a point which may be of interest. He refers to his 
contributions made about thirty years ago and indicates that in- 
stead of Cole evaporation (Z,), the outside (evaporating) heating 
surface (H,) could be used. ‘This is approximately correct, be- 
cause the ratio between these two figures, namely, the average 
Cole evaporation per hour per square foot of outside heating sur- 
face, differs very little. For locomotives given in Table 4 of the 
paper and in Table 1 of the present closure, it fluctuates between 
11.50 (No. 3) and 14.72 (No. 1). For more modern locomotives 
it varies between 12.91 (No. 10) and 13.96 (No. 17). An aver- 
age figure of probably 13.5 could be adopted, but it would still 
be an approximation and would in many cases destroy the good 
agreement between curves and test results, to which reference 
was made by Mr. Fry himself. 

Mr. Fry’s objection is mainly due to the fact that he had diffi- 
culty in computing the total Cole evaporation figure. As is 
known, Cole’s figure is based on 55 lb of steam per hr per sq ft of 
direct heating surface (firebox plus brick arch tubes plus syphons), 
and average evaporations for tubes and flues, depending upon 
their size, length, and spacing. Tables of these specific evapora- 
tions are given in the locomotive handbook published by the 
American Locomotive Company in 1917, and reference to it was 
made in the author’s 1932 paper. New figures regarding tubes 
of 31/2 in. outside diameter (without superheater units) and 31/2- 
in. flues (with superheater units), which came into use after the 
publication of the A. L. Co. handbook, in pounds of steam per 
hour per square foot of outside heating surface for various 
lengths of tubes and flues and various spacings, have been given 
by the author in Appendix No. 2, page 16 of the 1932 paper.’ 
The author is surprised at Mr. Fry’s statement that “Lipetz does 
not give in either the present paper or his earlier paper complete 
information for computing this Cole boiler evaporation.” While 
this is literally correct, proper references to the A. L. Co. hand- 
book were made. It is true that the locomotive handbook is 
now becoming very rare, but it has been in use by practically all 
railroads for years, and copies can be found in libraries. A new 
edition is contemplated. 

Apart from the reason of the momentary difficulty in finding 
access in some cases to the A. L. Co. handbook, there is no good 
argument in favor of using the heating surface, as approximation, 
instead of the Cole evaporation figure, as the latter, when the 
basis of computation is available, can be determined easily. 
However, if a change should be desired, there would be no diffi- 
culty in substituting the total evaporating heating surface (H,) 
for the Cole evaporation (Z,), if the author’s moduli are increased 
in the ratio of, say, 13.5, which, as we saw above, represents the 
average evaporation figure for modern locomotives in pounds per 
hour per square foot of total evaporating heating surface. How- 
ever, correction-curve (Fig. 5 of the paper) would have to be 
accordingly modified, so as to use the author’s 6 instead of K. 
This would be another example of the flexibility of the author’s 
method, which can be easily adjusted to simplifications when 
they are thought necessary, or to new data when they become 
available. 

There remains Prof. H. Rubenkoenig’s discussion, which is 
directed more to the starting tractive effort. He refers to auxil- 
iary starting ports, for which he would like to have a coefficient 
in the tractive-effort formula. The author’s paper did not con- 


This is sufficiently close for an approximate 
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sider the tractive effort at the moment of starting. This differs 
from the maximum, or the rated tractive effort, which can be 
indefinitely developed at a certain speed (about 50 rpm), de- 
pending upon the capacity of the boiler. Under these conditions, 
the author gave in his discussion coefficients for the rated tractive 
effort in his closure on page 33 of the 1932 paper.? The author 
does not think that the auxiliary ports can increase materially 
the tractive effort and, therefore, he did not give any corrections 
for that. 

Before closing the author would like to call attention first to 
the maximum boiler tractive effort, and, second, to the types of 
locomotives for which his method and moduli should be used. 
Some railroad engineers claim that they are not interested in the 
“nerformance” curves obtained under conditions defined by the 
author in his 1932 paper and its closure, but in the maximum- 
tractive-effort curve, which represents the top values at various 
speeds under hardest working conditions. On some roads they 
are called “capacity curves.” The author did not attempt to 
give these curves, because they depend upon the specific proper- 
ties of a locomotive and the individual method of operation, 
which cannot be easily generalized. At least, there are not yet 
sufficient data, even on modern American locomotives, to predict 
with accuracy what the maximum curve can be. The author 
attempted to give a general method for the evaluation of the per- 
formance curve which corresponds to usual every-day methods 
of operation with a reasonable efficiency. His curves are lower 
than what occasionally can be materialized, but they have the 
advantage that they can be safely developed with reasonable 
efficiency and without excessive maintenance. The maximum 
curve depends upon the extremes in efficiency and maintenance 
to which the operator is willing to go, and cannot be adopted 
generally. This curve has to be established by the operating 
railroad from actual experience. But even then, it might be 
found advantageous to compare the test curve with the perform- 
ance curve, and when enough information is accumulated by the 
railroad on a number of locomotives, a method of evaluating par- 
ticular locomotives can be worked out by a comparison with the 
basic performance curves. 

The other point, closely connected with the first, refers to the 
designs of locomotives which were used as a basis when the 
method and moduli were established. It was called the modern 
locomotive, under which term it was understood a locomotive 
with sufficiently large grate area, a brick arch, type-E or a well- 
proportioned type-A superheater, 225 to 300 lb per sq in. boiler 
pressure, simple expansion cylinders, properly designed valve 
motion according to latest practice, round exhaust nozzle, and 
A.A.R. smokebox arrangement. It would be erroneous to use 
the formulas for locomotives which differ from the described 
standard design. If some improvements are being tried out, 
say, for instance, an improved drafting arrangement, tests 
should be made and the difference would indicate the gain re- 
sulting from this improvement. The same would apply to poppet 
valves and similar innovations. It is evidently incorrect to com- 
pare actual test data from locomotives of other, especially non- 
American, designs, with these formulas, as has been done, for 
instance, by Mr. André Chapelon in his very informative article 
on the French High Speed 4-8-0 Type Locomotive of the Paris- 
Orleans Railway. He checks the high power obtained from these 
locomotives against the Lipetz formula and shows that the power 
is more than twice the maximum obtained from the formula. 
In this case the boiler was made up mostly of tubes of the French 
Serve type, which have 29/16 in. OD and have inside ribs. The 
engine has four cylinders compound, rotary-cam Lentz-Dabeg 
poppet valves, and a double Kylchap drafting arrangement. 
The author does not understand how the Cole evaporation figure 

14 Revue Generale des Chemins de Fer, March, 1935, p. 281. 
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could be computed for a boiler with Serve tubes and how the 
Lipetz curve could be plotted. The increase in power as com- 
pared with the Lipetz formula is probably due to the high forcing 
of the boiler and to the enumerated improvements. 

The author based his moduli on tests with modern American 
locomotives He has not extended them yet to other types of 
locomotives, like high pressure, double expansion, etc., mainly 
for lack of data, and secondly, because the main object of the 
paper was to show that the method based on boiler evaporation, 
rather than that based on cylinders (Cole method), gives more 
consistent results in regard to establishing the power of a locomo- 
tive. 


The Intake Orifice and a Proposed 
Method for Testing Exhaust Fans’ 


R. D. Manison.2 Fig. 11 shows a proposed arrangement 
which seems to apply particularly to axial-flow fans mounted in 
ducts. For wall-mounted disk fans the box arrangement shown 
in Fig. 10 is not only desirable but it must be used if the flow lines 
through the fan are to duplicate actual conditions. For the cen- 
trifugal fan without inlet boxes, the fan should not be tested on the 
inlet. For centrifugal fans with inlet boxes, the method of pro- 
viding the box (or boxes) with bell-mouthed entrance duct (as 
shown on plate G of the N.A.F.M. and A.S.H. & V.E. codes) seems 
to have everything to commend it, since a short discharge duct 
should be provided in any case. The applicability of the intake 
orifice to fan testing, as far as code procedure is concerned, is still 
open to discussion. Although the intake orifice is much simpler 
than the rounded nozzle to construct, its application is quite 
limited. 

Two points should be mentioned in the use of the inlet orifice 
which the authors have not fully covered. No provision is made 
for eliminating chance spiral flow that may be present in the test 
room and which will be accelerated as the orifice is approached. 
An open door or the fan’s own discharge may provide this spiral 
impetus. Even a simple form of crisscross straightener a short 
distance ahead of the orifice should suffice. Practically all wind 
tunnels are equipped with some such device. 

Again, as the orifice approaches 100 per cent pipe diameter, 
the flange should extend appreciably beyond this point to keep 
the flow lines at entrance substantially constant. The coefficient 
for an open-end pipe is different from an orifice in a flat plate and 
when the pipe is tested with full pipe opening the flange should be 
sufficiently extended to approximate flat-plate conditions. It 
would seem more practical, in the case of the 100 per cent orifice, 
to use a tap at full pressure recovery and the corresponding coeffi- 
cient of discharge. This would require a less critical placing of 
the tap. 

The diagram, Fig. 4a, is likely to be confusing to those not 
familiar with air flow. The vena contracta is shown more than 
one pipe diameter from the orifice to correspond with the readings 
obtained at the pressure taps. Now the actual vena contracta 
is in the neighborhood of !/2 orifice diameter from the orifice 
plate and the flow approaching it corresponds closely to the con- 
ventional rounded nozzle. From this point to that of maximum 
recovery pressure there is considerable turbulence and some of 
the outer mass of air is flowing in a direction opposite to the cen- 
tral stream. The static pressure is not necessarily uniform over 
any given cross-section and the static-pressure taps do not record 
the static pressure except in the outer region adjacent to them. 


1 Published as a paper PTC-56-3, by N. C. Ebaugh and R. Whit- 
field, in the December, 1934, issue of the A.S.M.E. Transactions. 

2 Research Engineer, Buffalo Forge Company, Buffalo, N. Y. 
Assoc-Mem. A.S.M.E. 
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The gradual rise in pressure from the lowest point to that at the 
orifice plate is probably due to a slowing up of the counter cur- 
rent flow and an attendant increase in static pressure. While 
the positions of the taps recommended by the authors are logical 
from the standpoint of stability of readings and are, therefore, 
the most accurate to use, there is no need to attempt to correlate 
the flow as indicated in Fig. 4a. To do so will only lead to con- 
fusion. 


AutrHors’ CLosuRE 


The authors cannot agree with Mr. Madison in the statement 
that a centrifugal fan without inlet boxes should not be tested 
on the inlet side. Single-inlet exhaust fans which are usually 
directly connected to a duct should be tested on the inlet side as 
such a set up will exactly duplicate the way in which the fan is 
intended to be used. The inlet orifice is a simple and accurate 
device for such tests. 

The test room used was so large compared with the orifice 
area that there was no perceptible air motion a few feet away 
from the plate. The possibility of spiral flow in the room ahead 
of the plate was remoteindeed. The use of air-flow straighteners 
would hardly be feasible with the intake orifice and it should not 
be used if there is an unusually bad approach condition. 

The statement was made in the paper that the flange on the 
end of the pipe was acting as the orifice in the case of the 100 
per cent orifice. The authors agree with Mr. Madison that the 
coefficient would be different if this flange were absent. The 100 
per cent orifice is not recommended for measuring purposes and 
was only investigated as a matter of interest. 

No distances are marked on Fig. 4a but the discussion of the 
behavior of the air below the plate must be accepted by the 
authors since it comes from one who must be considered one of 
our authorities on air-flow behavior in general. 


Pulverized Fuel-Burning Experiences 
at Buzzard Point Station’ 


E. G. Bamny.? The boilers and furnaces at Buzzard Point 
station represent a new type of steam-generating unit in which 
have been incorporated the best features of existing installations 
together with additional features which make it an outstanding 
development. The furnace is completely water cooled, the lower 
portion being of the stud-tube construction; vertical turbulent 
burners are used, which direct the flame down onto the liquid- 
slag bath; a furnace slag screen divides the furnace into two 
portions, a lower combustion chamber and an upper cooling 
chamber which is covered with smooth iron blocks to obtain 
maximum cooling of the gases before entering the convection 
surface; straight tube sections of the header type resemble con- 
ventional design, but the head is greatly increased permitting 
high ratings per section; the superheater is supported directly 
from vertical circulating tubes and is divided into two sections 
with a desuperheater between to give flat steam temperature; 
the economizer is entirely within the setting and supported on 
vertical circulating tubes. 

Burning coal in pulverized form presents two major problems, 
the first of which is to burn practically all of the carbon in the 
limited space and time available with the high liberations dictated 
by economy. This is not easy to do with the low-volatile coal 
used at Buzzards Point but the low unburned-carbon loss re- 
ported in the paper confirms the correctness of the burner and 


1 Published as paper FSP-56-18, by H. G. Thielscher, in the De- 
cember, 1934, issue of the A.S.M.E. Transactions. 

2 Vice-President, Babcock & Wilcox Company, New York, N. Y. 
Mem. A.S.M.E. 
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furnace design. Recent tests have shown average combustible 
in the flue dust of 4.0 per cent corresponding to a heat loss of 
0.07 per cent at a low rating of 68,000 lb per hr of steam and at 
a high rating of 313,000 Ib per hr of steam the combustible in 
the flue dust averaged 10.8 per cent corresponding to a heat loss 
of 0.34 per cent. 

The second problem is to dispose of the ash. The vertical 
burners direct the ash directly against the liquid-ash floor where 
a large portion is caught. The walls of the lower chamber are 
wetted with slag and trap additional amounts of ash. The 
furnace slag screen, which is studded and covered with refractory, 
catches still more of the ash as the gases impinge on the tubes in 
passing through. In this way the coarsest, stickiest and most 
objectionable portion of the ash is caught in the furnace and 
tapped out as liquid slag. The dust collectors remove prac- 
tically all of the remaining dust and the appearance of the stacks 
is very good indeed. 

The rate of heat release of 36,800 Btu per hr per cu ft of total 
furnace volume is no doubt the highest yet obtained from low- 
volatile coal with a satisfactory low-carbon loss. It is possible 
to further increase this rate. The furnace slag screen is an im- 
portant factor in this design. It forms a barrier which shields 
much of the radiant heat of the flame adjacent the burners and 
of the slag pool from reaching the boiler tubes, thereby permitting 
the tapping of ash of higher fusing temperature and reducing the 
slagging of tubes in the boiler bank. 

The proportioning of heating surface between the furnace, 
boiler and superheater was influenced more than it should have 
been, evidently, by data obtained from coal of higher volatile 
and other characteristics different from that being burned. The 
spacing of the furnace slag-screen tubes might also be further 
improved in subsequent designs for similar coal. It should be 
noted, however, that these units are designed for a maximum 
output of 412,000 lb steam per hr each, corresponding to a heat 
release of 41,600 Btu per hr per cu ft. This rating cannot be ob- 
tained with only one turbine in the station. 

The steam scrubbers installed in these boilers have proved 
satisfactory, proof of which is evidenced by turbine performance. 

The modifications required on the burners were necessitated 
by the combination of high preheat on the secondary air with a 
readily coking coal. Reducing the number of primary nozzles 
and increasing their width has been quite successful. The prac- 
tice of running cold air through an idle burner a few minutes just 
before putting it into service is a simple procedure which is quite 
helpful in preventing coking. 3 

This design of boiler unit is well adapted for wide application, 
especially for capacities considerably above that for which these 
units are designed. 


A. G. Curistmm.? One is impressed with the high ratio of 
water-wall area to true boiler-surface area in the Buzzard Point 
boilers. Evidently the greatest advantage is taken of heat trans- 
fer by means of radiant heat. In fact, the furnace itself is water 
cooled practically to the same extent as a Scotch Marine boiler. 

The low-volatile coals of Virginia and West Virginia have com- 
paratively high-fusing-point ash. One would not expect these 
to be best suited for use in slag-bottom furnaces. Apparently 
the fluid ash can only be tapped with ease under certain favorable 
high-load and high-furnace-temperature conditions. It is rather 
surprising to note that the use of various fluxing materials has 
not resulted in more fluid slag. This must have been due to 
lack of proper mixing in the slag. Normally such flux material 
should have combined with the ash and increased fluidity. The 
author states that these fluxes were introduced in a powdered 


2 Professor of Mechanical Engineering, Johns Hopkins Univer- 
sity, Baltimore, Md. Mem. A.S.M.E. 
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state. Possibly they were carried over to the electrostatic 
precipitator instead of entering the slag. Why not try the intro- 
duction of limestone in lumps? 

Apparently no difficulty has resulted from the pressure and 
temperature employed, viz., 670 Ib and 835 F. This should en- 
courage designers to use still higher steam pressures.and tem- 
peratures on the next station to be built. It may be noted that 
some difficulty is being experienced in this station to secure suf- 
ficient superheat. 

Fig. 3 indicates an interesting distribution of the tempera- 
ture drop of the gases. About one quarter goes to the water 
walls, another quarter to the boiler surface proper, a third quarter 
to the superheater, and the final quarter to economizer and air 
heater. This emphasizes the growing importance of the sec- 
ondary heat-recovery apparatus under modern operating con- 
ditions of high pressure and temperature. 

There are rumors that difficulties have been experienced with 
the horizontal tubes in the air preheater. Possibly the author 
may be willing to tell us of these experiences. 

The performance of the hydraulic fan couplings as shown in 
Table 3 indicates too slow a response to load changes. This 
coupling has many distinct advantages but needs further de- 
velopment to improve its speed of response to load changes. 

The rates of heat release in this furnace are higher than has 
generally been used in the past. No ill effects from bad slagging 
have been noted. This would indicate that still higher rates of 
heat release with correspondingly smaller furnaces may be con- 
sidered for future installations where the furnace is water cooled 
throughout and a slag-bottom furnace employed. At present 
the space above the dust screen must serve to a considerable ex- 
tent as a secondary combustion chamber with flames penetrat- 
ing completely through the dust screen. The author states 
that at times there was a tendency to slag the lower tubes of the 
boiler itself. This suggests that conditions might be improved 
by wider spacing of the tubes in the dust screen with more rows 
of tubes in depth in this dust screen and with the whole dust 
screen placed just below the tubes of the boiler proper. What 
advantages are claimed for the present position of the dust screen 
intermediate between the primary and secondary combustion 
chambers? 

The need of dust catchers in the flue gases is evident from 
the author’s statement that 50 per cent of the ash was caught in 
the electrostatic precipitators. 

Little comment can be made on the boiler efficiency or station 
performance. These are excellent results. 


M. K. Drewry.! Cited experiences with slagging raise the gen- 
eral question as to whether freedom from undesirable deposits in 
any slag-tap installation can ever be sustained under varying 
conditions of load and with various types of coal. It is true that 
ash accumulations are limited in the high-temperature zone by 
fluidity of the molten ash, and in the lower-temperature zone by 
mechanical breakage due to weight. However, at some inter- 
mediate point plastic sticky ash is always present near some 
heat-absorbing surface and, at that point, accumulation of 
adherent slag is without limit. 

Why ash of higher fusion temperature should cause clogging 
farther into the boiler tubes of the Buzzard Point installation 
was not readily apparent until some study indicated that clogging 
moves progressively in the direction of gas flow until equilibrium 
of gas temperatures and ash melting point occurs. 

Variable insulation of surfaces ahead of the superheater causes 
lack of uniformity in its performance, which suggests a second 
reason for using superheat-regulating equipment. 


4 Assistant Chief Engineer of Power Plants, Milwaukee Electric 
Railway & Light Company, Milwaukee, Wis. Mem. A.S.M.E. 
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One of the major merits of pulverized-fuel-firing equipment is 
its adaptability to firing any kind of coal as the market changes. 
The moderate-temperature installations appear the best answer 
to the variable-coal, variable-load problem. 

Many operating companies have formed the policy of 
using at least two mills or feeders per furnace, guarding against 
momentary interruption of all coal supply to the furnace. 
Buzzard Point employs automatic relighting with gas, the failure 
of which is perhaps as improbable as the simultaneous failure of 
two mills. 


E. L. Horrrnae.’ The author discusses the use of hydraulic 
couplings with automatic combustion control, for varying speeds 
on forced- and induced-draft fans and it is noted that because of 
the slow response of the coupling with the Weir type of control 
it was necessary to apply additional automatic control to the 
draft dampers, supplementary to fan speed change. 

The Philadelphia Electric Company is now installing a 165,- 
000-kw turbo generator with two 600,000 Ib per hour pulverized- 
fuel-fired boilers in their Richmond Station and are providing 
hydraulic couplings for operation of forced- and induced-draft 
fans and variable-speed condensate pumps. The decision to 
use this speed-changing method was based partly on the ex- 
perience at the Buzzard Point Station, together with experience 
gained by installation of a hydraulic coupling with hand-operated 
Weir control on one of the present test boilers in the older section 
of Richmond Station. It was realized that Weir control would 
be too sluggish for the best operation with automatic boiler 
regulation, and the coupling manufacturers agreed to make 
comparative tests on a coupling using Weir control in one case 
and a small auxiliary pump either for removing or replacing oil 
in the coupling in the other case. These tests indicated that 
with the auxiliary pump it was possible to reduce the time re- 
quired for a given speed change to about one-third of that re- 
sulting from Weir operation. 

It is expected that a satisfactory rate of speed change will be 
secured on fans for the new Richmond boilers without supplement- 
ing the speed control with automatic damper regulation. 


Ten Years of Stoker Development 
at Hudson Avenue’ 


J. S. Bennerr.? The authors have performed a most useful 
service in presenting the results of their studies in analyzing 
losses sometimes disregarded. The figures given on cinder 
losses are particularly interesting. In the writer’s opinion, cer- 
tain warnings should be uttered against applying these figures too 
literally. At 75 Ib per sq ft, the cinder loss is shown to be nearly 
8 per cent. Assuming that the cinder loss is entirely eliminated 
and that the unit under these conditions is operating at 83 per 
cent efficiency, the efficiency would be increased by only 6.5 
points, not 8 points, because only 83 per cent of the heat in the 
cinders would be transferred to the water and steam. 

Considerable work has been done in developing means for 
minimizing this loss. The authors point out that a certain 
proportion of the cinders was trapped in the last pass of the boiler 
and returned above the ash pit. This improved the performance 
somewhat, but the method of cinder trapping in the last pass was 
inefficient as provisions had not been made in the original design 
for cinder return. The cinders were fed in above the fire, which 


5 Mechanical Engineer, Philadelphia Electric Company, Phila- 
delphia, Pa. Mem. A.S.M.E. 

1 Published as paper FSP-57-3, by J. M. Driscoll and W. H. Sperr 
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? Mechanical Engineer, American Engineering Company, Phila- 
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had a tendency to recirculate part of them. It has been found 
far more effective to return cinders with the coal feed at the front 
of the stoker. Cinder trapping can be provided in any new 
design, with the cinders returned by gravity to the stoker coal 
hopper. ‘This is particularly simple in the case of double-fired 
boilers. The writer’s Fig. 1 shows an installation of this type 
put into service recently. In this arrangement, the cinders enter 
at the bottom of the retort and are covered by fresh coal. They 
cannot be recirculated, and are fed up slowly from the bottom of 
the retort where they burn in the same manner as the rest of the 
fuel bed. Other schemes for cinder return are shown diagram- 
matically in Figs. 2 and 3 of this discussion. Assuming that"80 
per cent of the cinders 
discharged were 
trapped and returned 
as shown, at a coal- 
burning rate of 75 lb 
per sq ft, the cinder loss 
at Hudson Avenue 
would have represented 
only 1.6 points in ef- 
ficiency and these, if 
burned, would repre- 
sent an increase in effhi- 
ciency of 1.3 points. 
The authors have 
emphasized the fact 
that their experience 
has been obtained with 
one grade of coal. It might 
be interesting to compare 
the results obtained with 
other coals using preheated 
air. The curve shown in 
Fig. 11 of the authors’ paper 
is reproduced in Fig. 4 of 
this discussion. The cinder 
loss of a coal selected for 
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test because of its ten- 
dency to produce cinder 
losses and operating with 
preheated air where the 
cinder recovery was 
somewhat more effective, 
is shown by the curve 
marked B. The same job, burning a Pittsburgh-district coal, 
without any cinder return, gave a very much reduced cinder loss, 
marked A. These curves show that the cinder loss is influenced 
very strongly by the coal used. The low-volatile, high-Btu coals 
used quite generally in New England and New York City, ordi- 
narily show much higher cinder losses than the coals with higher 
volatile matter or coals containing ash with lower fusing tempera- 
tures. 

The authors imply that their experience shows that a short. 
underfeed stoker with a long overfeed section will permit higher 
sustained fuel-burning rates than the full underfeed-type stoker- 
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This conclusion is based on a comparison of relatively small 
stokers of one make with the longest stokers ever built by a 
different manufacturer and underfeed stokers of still another 
make built ten years ago. Where comparisons have been made 
directly between machines of the same size of the two types, this 
improvement in coal-burning capacity has not been shown. 

Where sustained high fuel-burning rates are required, it is 
poor policy to rely upon the skill and agility of the operator to 
maintain the fuel bed. It is better to provide means for distribut- 
ing the air that, will indicate and correct fuel-bed weakness long 
before the human eye can detect the trouble. Zoned-metered- 
air control provides this means. 


V. G. Gaunxin.? The paper shows that long underfeed 
stokers are apparently limited to an efficient maximum burning 
capacity of 55 Ib of coal per hr per sq ft of grate area, and that to 
get higher combustion rates it is necessary to add either a mov- 
able link-grate section or to introduce an air-zone method of 
controlling the windbox pressure. 

The improvement effected by air-zone control in the efficiency 
of boiler No. 74 at high ratings and the increase in capacity from 
350,000 to over 500,000 lb per hr continuous rating is very remark- 
able. The air-zone control by permitting regulation of air pres- 
sure to just overcome the fuel-bed resistance in each section 
makes it possible to reduce excess air and carry higher ratings with 
the same thickness of fuel bed without danger of lifting portions 
of the fuel bed from the grate. This should permit the building 
of larger and more efficient stokers in the future. 

The authors have made a comparison of stoker performance in 
their Fig. 10 based on the heat absorbed by the boiler unit per 
square foot of projected grate area. It seems that a better 
comparison of stoker performance could be made on the basis of 
pounds of coal burned per square foot of projected grate area 
and thus eliminate the effect of the efficiency of heat absorption by 
the boiler unit since the effect of the difference in the heating 
values of the coalissmall. In Fig. 5 of this discussion, a compari- 
son of the stoker performance on boilers Nos. 54 and 74 has been 
made on this basis and shows a much closer agreement on overall 
efficiency than that shown in the authors’ Fig. 10. 

The stoker losses, namely, the loss due to combustible in ash 
and the cinder loss, closely agree for both stokers. At a com- 
bustion rate of 75 Ib per hr, the combustible-in-refuse loss is 
about 0.6 per cent higher on No. 54 boiler, while the cinder loss is 
lower by 0.8 per cent, making the combined loss practically the 
same for both units. 


3 Chief Testing Engineer, Brooklyn Edison Company, Brooklyn, 
N.Y. Mem. A.S.M.E. 
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The difference in overall efficiencies between boilers Nos. 74 
and 54 is due therefore to the losses which depend upon the 
design of furnace and heat-absorbing surfaces. There is 25 
per cent more furnace volume per square foot of grate area in 
No. 74 than in No. 54 boiler; hence, the heat release per cubic 
foot for a given burning rate is higher for the No. 54 installation, 
being 65,000 Btu per hr per cu ft for No. 54 and 48,000 for No. 74 
at a combustion rate of 751b per hr. There is a greater possibility 
therefore of having an incomplete combustion loss due to CO, 
H, and hydrocarbons in the smaller furnace at the higher ratings. 
The loss due to incomplete combustion of CO was about the 
same for both installations. The loss due to unconsumed hydro- 
gen and hydrocarbons was not determined in the No. 54 boiler 
test. 

There is more waterwall, superheater and economizer surface 
in boiler No. 74 than in No. 54 and the per cent of heat absorbed 
by each of them is different in both installations, resulting in a 
higher overall efficiency of No. 74 at high ratings, although the 
dry-gas loss is greater on boiler No. 74 than on No. 54. 
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The only losses which differ a great deal in the two installations 
are the radiation and unaccounted-for losses. Even if the hydro- 
carbon and hydrogen losses determined on No. 74 are added to the 
radiation and unaccounted-for losses, at a coribustion rate of 75 
lb per hr, the total is as much as 4 per cent less than on No. 54. 
If a correction is applied, to take care of radiation and un- 
accounted-for loss difference, the efficiency curves of both in- 
stallations become identical, having an efficiency of about 75 
per cent at a combustion rate of 75 lb per hr. 
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In order to show how nearly equal the actual performances of 
the two stoker and boiler installations are when compared on the 
same combustion rate, refer to the authors’ Table 5. The yearly 
operating figures for efficiency and combustion rates are very close 
for the Westinghouse and Taylor stokers. The average com- 
bustion rate for 1932 and 1933 for the fifth and sixth rows of 
boilers was 24.4 lb per hr; for the seventh and eighth rows, the 
combustion rate was 25.1 lb per hr and their respective efficien- 
cies were 86.0 and 86.3 per cent. These figures include also the 
banking hours and the low-steaming periods which decrease the 
actual combustion rates by 15 percent. For the operating range 
up to combustion rates of 40 lb per hr, both installations are 
identical in efficiency. Higher combustion rates are only run 
for short periods during the peak, and therefore affect the yearly 
efficiency only slightly. 

In conclusion, it might be said that both installations are 
doing equally good work and are equally efficient when based 
on the same combustion rates. The fifth and sixth rows are 
simpler in design and are liked by the stoker operators. The 
operators are, however, becoming used to the more complex 
air-zone control of the seventh and eighth rows and have already 
developed a high operating efficiency. 


P. W. Keppier.* The authors state that for the very long 
stokers of units Nos. 7 and 8, 55 lb per sq ft of total projected 
grate area was found to be the maximum fuel-burning rate ob- 
tainable for long periods without zoned air control. They also 
state that for shorter underfeed stokers of this make, more 
capacity would undoubtedly be obtainable, but that experience 
had not been gained regarding this at Hudson Avenue. At 
Hell Gate, many capacity tests were run at high fuel-burning 
rates. The peak for long periods was reached on June 25, 1925, 
on boiler No. 63, when 78 lb of coal per hr per sq ft of total 
projected grate area were burned for 12 hours. The stoker had a 
projected length of nearly 16 ft and a total projected grate area 
(including pit) of 378 sq ft. The heat content of the coal was 
14,333 Btu so that 78 lb of this coal are equivalent to 80 lb of 
14,000-Btu coal. The limitation to capacity was induced draft, 
not the stoker; in order to obtain the required gas flow, the 
furnace had to be put under 0.4-in. pressure, so that the fire could 
not be observed. With ample induced draft, affording an oppor- 
tunity to carefully watch and regulate the fire, still higher fuel- 
burning rates should be obtainable. Furthermore, great im- 
provements in stoker design have been made since this test. 
The capacity of shorter stokers of this type, if operated without 
zoned-air control, is likely to be limited more by smoke and 
combustion losses than by lack of fuel-burning ability. 


T. E. Purcetu.e The large amount of field development 
following the successive installations serves to exemplify the 
uncertainty with which results can be predicted for stoker in- 
stallations. When it is realized that the successive installations 
were only a step in advance of the previous installation, and 
that the development was carried on in a single station with a 
specific type of coal, emphasis must be placed on the fact that 
there is a dire need for more knowledge concerning the functions 
of the stoker and the process of burning coal thereon. This 
paper, it seems to me, points to the great need for cooperation 
and combined effort on the part of designers, manufacturers, 
and users of stokers to the end that sufficient knowledge may be 
made available so that stoker performance can be predicted with 
some degree of certainty. It appears quite evident to us that 


4 Testing Engineer, Hell Gate Station, United Electric Light and 
Power Company, New York, N. Y. Jun. A.S.M.E. 

5 General Superintendent of Power Stations, Duquesne Light 
Company, Pittsburgh, Pa. Mem. A.S.M.E. 
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each installation must be designed for the specific grade of coal to 
be used, and that stokers cannot be designed to burn varieties of 
coal with entire satisfaction and with the best results. 

Experience with underfeed stokers at the Colfax and James H. 
Reed Power Stations may be used as an illustration. The com- 
bustion rate in pounds of coal per hour per square foot of grate 
surface for the stokers in the Colfax Power Station is from 15 
per cent to 20 per cent less when burning coal from the Sewickley 
seam than with coal from either the Pittsburgh or Freeport 
seams, all three seams being common to the Pittsburgh district. 
On the other hand, the stokers at the James H. Reed Station, 
which are of a later design equipped with the link-grate overfeed 
section and adjusted to burn Sewickley coal, will consume equal 
quantities of either Sewickley or Pittsburgh coal; but severe 
burning of the stoker parts and high maintenance cost accom- 
pany the use of Pittsburgh coal. Unquestionably, to burn Pitts- 
burgh coal to the best advantage, the stokers would require 
considerable alteration. The stokers at the James H. Reed 
station, although prototypes of the link-grate stokers developed 
at Hudson Avenue and later successfully applied in the High 
Bridge Station of the Northern States Power Company, re- 
quired major alterations in the field before they were considered 
satisfactory operating units. 

The authors seem to be fully convinced that stokers provide 
the better method of burning coal in the Hudson Avenue Station. 
After ten years of experience with both stokers and pulverized- 
fuel equipment at Colfax and four years of experience with 
stokers at Reed, the writer is not prepared to believe that one 
method is definitely superior to the other. Each new installation 
merits special investigation of both methods of firing, giving due 
consideration to the latest developments. Each method of 
firing has its advantages and disadvantages. In my opinion, a 
great advantage in pulverized-fuel firing over stoker firing lies 
in the greater consistency in the results obtained. Uniform 
performance can be expected, when burning coals having widely 
varying characteristics, in pulverized-fuel furnaces with either 
horizontal or vertical firing and with more or less water-cooling 
surface exposed to the furnace. On the other hand, as stated 
above, stoker operation is influenced greatly by the characteristics 
of the coal, and continuous attention and adjustments must be 
given the equipment. Even then consistent fuel-bed conditions 
and maximum steaming capacity are not always assured. 


I. E. Mourrrop® anp G. C. Eaton.’ The history of the de- 
velopment of the Hudson Avenue stokers during the past ten 
years contains much valuable information. One must applaud 
the courage of the Brooklyn Edison Company engineers who, after 
carefully considering the merits of the various types of fuel- 
burning equipment then available, decided in 1922 on the use 
of underfeed stokers, especially when one considers that the 
fuel they were to burn was high-grade Eastern bituminous coal. 
While such coal is a very excellent bituminous coal, it is prob- 
ably more difficult to handle on an underfeed stoker than a lower- 
grade coal having a higher ash content. In the light of today’s 
knowledge, no one could criticize the decision, but at that time it 
certainly required very careful consideration and the courage of 
one’s convictions. 

The first stokers installed at Hudson Avenue were very good 
machines as of that time. The story of the various steps taken 
to improve the stoker and its performance during the decade 
from 1924 to 1934 makes very fascinating reading, especially to 


€ Chief Engineer, Edison Electric Illuminating Company, Boston, 
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those who have been through a similar experience and have given 
much thought to the art of burning fuel for power purposes. 

These developments appear to have been a simple procedure 
when one reads about them, but it should be borne in mind that 
to accomplish such results, much patience, courage and pains- 
taking study is required to meet and solve the many discouraging 
situations. Much money also was needed. 

The improvements in boiler-unit performance with each in- 
stallation are remarkable and praiseworthy, the most unusual 
following the installation of the zoned-and-metered-air equipment 
on the Taylor stokers. This improvement is noteworthy, not 
only because of the ability of the equipment to burn very much 
larger quantities of coal per square foot of grate, but its ability 
to do this with a relatively flat efficiency curve. A stoker equip- 
ped with zoned-air control is really in a class by itself. With 
further experience in the use of this equipment, an even better 
performance with the stoker of the future may be confidently 
expected. 

The high combustion rate obtained with stokers having air- 
control is bound to cause a considerable cinder loss. This should 
not be considered a serious drawback. With suitable cinder 
catchers, much of the cinder rejected by the furnace can be re- 
claimed and burned in the ash pit, materially reducing the 
cinder loss. Even if this loss must be looked upon as a more or 
less serious item, it should be remembered that one cannot get 
something for nothing. If, with a given piece of equipment, 
much greater capacities are to be obtained, it will usually be at 
the expense of something which is not desired. If tremendous 
overloads can be obtained from a given size stoker by running 
it at very high ratings, the capital investment is kept down and 
the overhead charges thereby reduced. The savings in these 
overhead charges which apply to every minute in the life of the 
plant will offset many times the relatively small cinder loss for 
the very short time that the overload capacity is required. 

It is interesting to note that No. 74 stoker is installed under ap- 
proximately the same boiler surface as No. 54 stoker, the former 
giving about double the steam output of the latter. To be sure, 
No. 74 stoker has an economizer surface 50 per cent greater than 
that of No. 54, which would compensate for some of this increased 
capacity. 

The maintenance costs of the various stokers are instructive 
to the reader. There are several questions which come to mind. 
Because of the many changes and experiments made on all the 
stokers after they were installed, much of the maintenance ex- 
pense was no doubt borne by the manufacturer. Were the 
maintenance costs given corrected for this fact? Were units 
1 to 3 and 1 to 4, inclusive, operated during 1932 and 1933, re- 
spectively? No costs were given for these unit periods. Main- 
tenance costs of occasionally used units are often of interest. 
The lack of noteworthy difference between maintenance costs of 
similar units with and without preheated air is unexpected. 
Have the authors any explanation for this lack of difference? 

The discussion about the omission of air preheaters on the 
later installations is very interesting and the arguments for their 
non-use seem to be sound. It is our opinion that if the Brooklyn 
Edison Company were to build another station now, they would 
find it desirable-to add a certain amount of preheater surface 
because certainly added economy could be obtained thereby. 
However, one must not lose sight of the fact that there is now a 
very definite limit to the amount of preheating desirable with 
underfeed stokers. 

The authors mention that the first installation at Hudson 
Avenue did not contemplate the use of fans, the thought of the 
designers being that the chimney draft would be sufficient. It is 
the opinion of many that the high-capacity plant of today re- 
requires the use of both forced- and induced-draft fans. There 
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is a point which the average designer is apt to overlook, namely, 
that the capacity of both types of fans, particularly the induced- 
draft, must be ample. Probably more errors in judgment have 
been made in determining the capacity of the induced-draft fan 
than in almost any other part of a given installation. ‘The size 
of this fan fixes the absolute limit of boiler-unit capacity. 

Fig. 12 is difficult to read. This group of curves would be 
very much more valuable to the average reader if its ordinate 
were doubled. The over-lapping of lines and areas is very con- 
fusing. The freedom with which the authors change from boiler 
numbers to row numbers, from output in terms of millions of Btu 
per hour per square foot of stoker area to output in pounds of coal 
burned per hour per square foot of stoker area, is also very con- 
fusing to the average reader. If the references and terms could 
be narrowed down, considerable hunting through the paper 
would be saved the reader. 


AutTHors’ CLOSURE 


Mr. Bennett’s point that any recovery of cinder will be utilized 
at some efficiency less than 100 per cent in the event all the cinder 
is returned to the stoker is important and must be taken into 
consideration when evaluating this loss. In reference to his 
statement regarding the Hudson Avenue installation, “The 
cinders were fed in above the fire, which had a tendency to re- 
circulate them,” tests made since obtaining the results pre- 
sented in the paper indicate: 

1 Approximately 46 per cent of the total cinder produced and 
leaving the stoker was trapped in the boiler hoppers and returned 
to the furnace. 

2 Approximately 25 per cent of that cinder trapped was re- 
circulated, this percentage tending to decrease at the higher 
burning rates. 

3 Between 35 and 40 per cent of the total cinder produced 
remained in the ash pit to be burned. From the ash-pit com- 
bustible-in-refuse loss, reported in a recent paper on the per- 
formance of the Hudson Avenue stokers,? it is evident that this 
35 to 40 per cent returned is completely burned. 

Since the presentation of the paper, a permanent system of 
drain lines has been installed on another row of boilers in the 
station, running from the dry-type cinder catchers through the 
rear furnace walls to the ash pit. These lines have operated in 
a satisfactory manner, conducting the entire catch of the cinder 
trap back to the furnace. 

Mr. Bennett’s design providing for the return of cinder to the 
stoker feed hopper, particularly when it can include the drains 
from efficient cinder catchers, is an inviting one. It will be in- 
teresting to follow the operating experience with the design in 
Fig. 1 of the discussion. 

In considering the significance of the cinder loss, the point 
brought out by Messrs. Moultrop and Eaton regarding the usual 
short duration of high-capacity loadings and the investment 
saving by working equipment at high rating is important in 
judging the economic value of this loss. 

Mr. Gahnkin raised a number of points regarding Fig. 10 of 
the paper. The efficiencies of the generating units in this figure 
were shown plotted against output because this is a usual manner 
of indicating efficiency of steam-generating equipment. The 
output values were derived directly from Fig. 3 of the paper to 
illustrate the effect of the reduction of results to a unit grate- 
area basis. It is true that the extent of heat-absorbing surface 
of the boiler and economizer affects the overall performance, and 
for this reason the dry-gas loss was illustrated in Fig. 10 along 
with the efficiencies in order to show the relatively small differ- 


8 “The Test Performance of Hudson Avenue’s Most Recent Steam- 
Generating Units,” by P. H. Hardie and W. 8S. Cooper, Trans. 
A.S.M.E., November, 1934, vol. 56, no. 11, paper FSP-56-15. 
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ence in the magnitude of this loss at comparable outputs per 
square foot of grate for the three installations provided with 
economizer or air-heater surface. Using the coal input as ab- 
scissa as suggested by Mr. Gahnkin, and basing calculations on 
the same acceptance-test data used for the reports in the paper, 
the difference in efficiency of the two equipments, No. 74 and 
No. 54, at a coal-burning rate of 60 Ib per sq ft per hr is about 
3.75 points on the efficiency scale. This difference in favor of 
No. 74 would be further increased slightly if correction were 
made for difference in dry-gas loss chargeable against the heat- 
recovery equipment. This would be a part of the difference 
indicated between the curves in the lower part of Fig. 10. Be- 
yond the rate of 62 lb per sq ft per hr, the efficiency data for 24- 
hr duration runs are not available for No. 54 boiler. 

In comparing the relative flatness of the efficiency curves 
shown by Mr. Gahnkin in Fig. 5 of the discussion with the curves 
in the original paper, it should be noted that the use of input as 
an abscissa tends to flatten the curve because the input increases 
more rapidly than the output with falling efficiency. Also the 
vertical scale used by Mr. Gahnkin is smaller, the overall effect 
of the two changes being the equivalent of spreading the horizon- 
tal scale on the original curves about tenfold while maintaining 
the same vertical scale. The choice of scale appears to be largely 
a matter of preference depending on whether emphasis is to be 
placed on small differences or on general similarities. 

Mr. Gahnkin’s discussion of the variation in furnace volume, 
heat release and loss due to unburned hydrocarbons is in general 
agreement with the authors’ paragraph 6 under “Discussion of 
Results” in the paper. However, Mr. Gahnkin apparently 
favors crediting the stoker with those parts of the unburned-gas 
and unaccounted-for loss which are chargeable to less favorable 
furnace size and design. Unfortunately it is not possible to iso- 
late these parts from the parts of the same losses which may 
properly be chargeable to the stoker itself. It appears a proper 
apportionment could only be made by a test comparison of other- 
wise identical units of equipment having different furnaces but 
having fuel and other operating conditions identical. The con- 
clusion drawn by Mr. Gahnkin that the efficiency curves for both 
stokers is identical throughout the entire range does not appear 
to be supported by the data except under conditions of the as- 
sumption made by him. The approximate equality in the lower 
ranges of rating as quoted by Mr. Gahnkin is not at variance 
with efficiency differences indicated by the author in Fig. 10 of 
the paper. 

Mr. Keppler’s statement gives data on the capacity of a short 
stoker. The Hell Gate stoker cited, of nearly 16 ft projected 
length, has an underfeed section approximately 9 ft in length as 
compared with the 13-ft underfeed section of the stokers on the 
No. 4 unit at Hudson Avenue, which are the shortest stokers 
tested there without draft limitation. The example of the Hell 
Gate stoker is a definite instance of the statement in the paper 
that the capacity limitations discussed do not apply to shorter 
stokers. It is the belief of the authors, based on the observa- 
tions of many tests, that ability to operate at high ratings for 
short periods even up to 12 hours is not an indication that the 
same rating can be carried continuously for 24 hours. Neverthe- 
less, the Hell Gate tests, if repeated at approximately this load 
and duration, must be accepted as an indication of the ability 
of the shorter stoker in comparison with the data presented on 
the long stokers. 

Mr. Purcell’s comment that each stoker installation must be 
designed for the specific coal to be used is an important one from 
the viewpoint of the prospective user of large stokers. From 
the relation of his experiences, the statement seems well founded 
on faét. The authors know of other installations where numer- 
ous troubles developed in the initial application, and stoker- 
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design changes were required before satisfactory operation was 
attained. 

The authors do not wish any inference to be drawn from the 
paper regarding expressions on the superiority of stokers or pul- 
verized-fuel firing, but would agree with Mr. Purcell that each 
new installation merits special investigation of both methods of 
firing for the particular conditions and the taking into considera- 
tion of the latest developments of each method. This was done 
at Hudson Avenue. In this connection, the tabulation of yearly 
boiler efficiencies given in Table 5 in the paper is believed to 
compare not unfavorably with pulverized-fuel installations. 

Regarding the first question raised by Messrs. Moultrop and 
Eaton on maintenance, it can be said that in general the manu- 
facturer was assigned a single stoker on which to do his experi- 
menting and he carried the maintenance expense of all parts 
which were not standard in the other stokers. The figures 
quoted do not contain any of the costs which the manufacturer 
carried on the experimental unit. 

In reference to the operation of Units 1 to 3 and 1 to 4, inelu- 
sive, in the years 1932 and 1938, respectively, the number of 
operating hours of these stokers and boilers in these years was 
so low as to make unit maintenance costs of no value for compari- 
son. 

As to the difference in maintenance cost of the stokers with and 
without preheated air, the only feature which the authors can 
point to as being different from many other preheated-air in- 
stallations is the relatively low temperature of air. The aver- 
age temperature is 350 F while the maximum is 380 F. It 
should be noted that it was in 1931 that the No. 4 row was first 
operated with link-grate stokers. Jn 1932 the maintenance costs 
for the No. 4 row rose sharply, largely because the operating 
hours for 1932 was less than one third the number for 1931. 
The authors hesitate to predict just how the maintenance for 
row No. 4 and row No. 5 would have compared had they con- 
tinued in parallel operation for several years at approximately 
the same number of service hours and coal-burning rates. 

The comments on Fig. 12 and on limiting the use of terms are 
well taken. 


A New Method of Investigating Per- 
formance of Bearing Metals‘ 


C. 8. Coin.? There are many sides to this bearing question— 
the properties of the bearing, of the lubricant, and the mechanical 
design of the bearing itself. In the first of these phases the 
Copper & Brass Research Association undertook an intensive 
study last year at Battelle Memorial Institute, on the properties 
of six of the more commonly used materials. The results of this 
work were published in a paper? presented before the American 
Foundrymen’s Association in June, 1934. These data are 
available either in the Transactions of that Society or as pre- 
prints which this Association would be glad to send any one 
interested. It would be most interesting to see the correlation 
of these studies with tests such as Mr. Connelly is making. 


L. M. Ticuvinsky.! The paper by Mr. Connelly presents an 
interesting manner of attacking the complicated problem of 
wear of bearing metals. Metal-to-metal contact occurs fre- 


1 Published as paper IS-57-1 by John R. Connelly in the January, 
1935, issue of the A.S.M.E. Transactions. 
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quently in small and medium-sized bearings® at the moments of 
starting and stopping of the machines. The rate of wear, there- 
fore, in some bearings may be very large and special provisions 
should be made in order to secure a safe performance of the bear- 
ing. 

It is known that the present methods of wear measurements 
are still insufficient for obtaining complete wear criteria. This 
’ may be explained by the great number of parameters constituting 
the function of wear of metals. The New International Associa- 
tion for the Testing of Materials discussed in 1930 in Ziirich the 
problem of wear of metals. The wear there was expressed® as 
follows: 

W = f(S, H, M, MS, P, p, », F, f, L, t) 
where S is the state of the surface 
H = hardness 
= molecular forces 
microstructure 
full load 
= specific load 
= peripheral velocity 
= force of friction 
= coefficient of friction 
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5 Large bearings are usually provided with a high-pressure pump 
for the purpose of leading the oil under the journal and lifting it at the 
moments of starting and stopping. 

6 See First Communications of the New International Association 
for the Testing of Materials, 1930, Group D; ‘‘New Scientific Methods 
of Subdivided Quantitative Wear Testing of Metals,’ by A. K. Zait- 
zeff, p. 86. 
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L work of abrasion deformations 
t = temperature at the rubbing surfaces. 


This large number of variables will still increase if properties of 
lubricants used will be included and duration of test considered. 

Referring to the author’s paper, it seems that it will be more 
advisable to have the rate of wear plotted against time instead of 
unit pressure. 

The coordination of action of those involved in wear testing of 
metals will approach the time of optimum wear-test methods 
which may be accepted by engineering institutions. 


AvutTHor’s CLOSURE 


This new method utilizes a new mode of attack and makes 
possible the investigation of certain characteristics of bearings 
heretofore undetermined. 

The author wishes to emphasize the value of and need for some 
central clearing agency for work in bearings. Much work has 
been done by independent investigators. Mathematicians, 
chemists, and metallurgists have all contributed. Yet the fun- 
damental problems remain unsolved and no particular theory 
has received general acceptance. 

It is hoped that the A.S.M.E. Main Research Committee will 
see fit to establish a subcommittee on bearings to act as a CO- 
ordinating body for all the work on bearings which will include 
metals and other solids, lubricants, and the various physical 
factors. 

Unnecessary duplication will be largely avoided and more 
economical coordinated research made possible. 


